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NOMENCLATURE 
AD or AAD: acidic activation domain 
BB: bacterial blight 
BLS: bacterial leaf streak 
CC-NBS-LRR: coiled-coil, nucleotide-binding, and leucine rich repeat 
CRR: central repeat region 
dTALE: designer TAL effector 
EBE: effector binding element 
GFP: green fluourescent protein 
GUS: β-glucuronidase 
HR: hypersensitive reaction 
NLS: nuclear localization signal 
PPK: phosphatidylinositol-4-phosphate 5-kinase 
qPCR: quantitative, Real-Time RT-PCR 
R gene: resistance gene 
RTL: Ralstonia TAL-like effector 
RVD: repeat-variable diresidue 
S gene: susceptibility gene 
T3SS: type III secretion system 
TAL effector: transcription activator-like effector 
TALEN: TAL effector nuclease 
TIR-NBS-LRR: toll/interleukin-1-receptor, nucleotide-binding, and leucine rich repeat 
UCH: ubiquitin carboxy-terminal hydrolase 
UPA: upregulated by AvrBs3  
Xac: X. axonopodis pv. citri 
Xag: X. axonopodis pv. glycines 
Xca: X. campestris pv. armoraciae 
Xcm: X. campestris pv. malvacearum 
Xcv: X. campestris pv. vesicatoria 
Xoo: X. oryzae pv. oryzae 
Xoc: X. oryzae pv. oryzicola 
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ABSTRACT 
 Xanthomonas plant pathogenic bacteria cause yield-limiting disease in several 
important crops. Some species promote infection by secreting transcription activator-like 
(TAL) effectors directly into host cells where they interact with eukaryotic cellular 
apparatus to transactivate plant genes. Specific recognition occurs through direct, 
predictable interactions between hypervariable amino acid residues in the central DNA 
binding domain and adjacent nucleotides in the sense strand of the gene promoter, thus 
defining the length and sequence of the effector binding element (EBE). Activation of host 
susceptibility genes promotes disease, whereas induction of executor resistance (R) genes 
leads to plant defense.  
 The vascular pathogen Xanthomonas oryzae pv. oryzae (Xoo) and the mesophyll 
pathogen Xanthomonas oryzae pv. oryzicola (Xoc) are causal agents of the devastating rice 
(Oryza sativa) diseases bacterial blight and bacterial leaf streak, respectively. To investigate 
whether executor R genes can be engineered for broader resistance, we added six predicted 
EBEs corresponding to TAL effectors from Xoo and Xoc to the promoter of Xa27. This 
modification resulted in specific activation of Xa27 in transgenic rice by Xoo, Xoc and each 
of the corresponding TAL effectors individually, as measured by quantitative Real Time 
RT-PCR (qPCR). It expanded the resistance of Xa27 to include additional strains of Xoo and 
all tested strains of Xoc. A bioinformatics analysis of sequences amended to the Xa27 
promoter suggests the likely introduction of unwanted regulatory elements, highlighting the 
importance of EBE design to guard against spurious gene activation.  
 During a screen of Xoc TAL effectors, we observed a hypersensitive reaction (HR) 
triggered by Tal2a when it was expressed heterologously in rice leaves by another 
Xanthomonas strain. The response was Tal2a-specific and dependent on gene activation, 
suggesting an executor R gene mechanism. EBE prediction, qPCR and next generation RNA 
sequencing studies identified three rice genes activated specifically in response to Tal2a. 
One, a ubiquitin carboxy-terminal hydrolase (UCH), was activated with designer TAL 
effectors (dTALEs) but was not sufficient to cause the HR. Testing of the remaining three 
genes through dTALE activation is ongoing. Expression from high and low copy plasmids 
points to a dose-dependent avirulence effect of Tal2a in Xoo and Xoc.  
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CHAPTER 1 
INTRODUCTION 
Background 
Transcription Activator-like (TAL) effectors (Sugio et al., 2007) play a significant 
role in the ability of several Xanthomonas species to infect important crops such as rice, 
soybean, Citrus, pepper, tomato and cabbage (Swarup et al., 1991; Schornack et al., 2003; 
Kay et al., 2005; Yang et al., 2006; Al-Saadi et al., 2007; Kay et al., 2007; Römer et al., 
2007; Sugio, 2007; Athinuwat et al., 2009; Domingues et al., 2010). During infection, TAL 
effectors are delivered directly into host cells via the bacterial type III secretion system 
(Szurek et al., 2002). Inside the plant cell, nuclear localization signals guide them into the 
nucleus (Yang & Gabriel, 1995; Szurek et al., 2001) where they recognize effector binding 
elements (EBEs) in gene promoters and activate transcription through a C-terminal acidic 
activation domain (Zhu et al., 1998; Yang et al., 2000; Szurek et al., 2001; Marois et al., 
2002; Kay et al., 2007; Römer et al., 2007). Specific recognition occurs through direct, 
predictable interactions between adjacent nucleotides in the sense strand of the gene 
promoter and hypervariable amino acid residues at positions 12 and 13 (hereafter referred to 
as repeat-variable diresidues, or RVDs; Bogdanove et al., 2010) in each of the nearly 
identical 33-35 amino acid repeats that comprise the large central DNA binding domain of 
the TAL effector (Boch et al., 2009; Moscou & Bogdanove, 2009).  Collectively the RVD-
nucleotide assocations define the length and sequence of the EBE. RVDs are positioned for 
nucleotide interactions by the right-handed super-helical structure assumed by the TAL 
effector during DNA binding (Deng et al., 2012; Mak et al., 2012). Each repeat forms two 
α-helices with a connecting loop containing the RVD. The first amino acid of each RVD 
contacts the protein’s peptide backbone, stabilizing the structure so the 2nd amino acid of 
the RVD can be positioned deep into the major groove of the DNA to form specific 
associations with a single nucleotide. The diversity of RVDs found in nature coupled with 
their predictable and modular interactions with DNA nucleotides enables creation of user-
specified repeat assemblies as custom DNA targeting domains directed to specific locations 
in complex genomes (Christian et al., 2010; Morbitzer et al., 2010; Bogdanove & Voytas, 
2011). 
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During Xanthomonas infection TAL effectors promote disease by specific activation 
of host susceptibility (S) genes, which produce conditions favorable for bacterial 
proliferation (Marois et al., 2002; Wichmann & Bergelson, 2004; Yang et al., 2006; Kay et 
al., 2007; Sugio, 2007; Antony et al., 2010). At least four mechanisms exist for plant 
resistance to TAL effectors (Bogdanove et al., 2010). The cytoplasmic nucleotide-binding, 
leucine rich repeat protein, Bs4, of tomato, recognizes the 5’ end of the repeat region in TAL 
effectors AvrBs4, Hax3 and Hax4, and ultimately triggers the hypersensitive reaction (HR) 
to halt disease progression (Bonas et al., 1993; Schornack et al., 2003; Kay et al., 2005; 
Schornack et al., 2005). Additional resistance occurs in the host nucleus in the form of 
mutant EBEs (i.e., xa13; Yang et al., 2006) or alternative host transcriptional elements (i.e., 
TFIIAγ encoded by xa5; Iyer & McCouch, 2004; Jiang et al., 2006) that prevent the 
activation of critical S genes by TAL effectors. These passive resistance forms lack the 
characteristic HR phenotype of active defense mechanisms and instead prevent symptom 
development by their immunity to bacterial manipulation. A fourth form of resistance occurs 
when an executor R gene harboring an EBE is activated by a TAL effector, resulting in the 
expression of an otherwise silent (Gu et al., 2005; Römer et al., 2007; Bogdanove et al., 
2010; Strauß et al., 2012) signaling or cytotoxic molecule that ultimately produces the HR 
phenotype characteristic of other forms of active defense. For a more comprehensive 
account of the role of TAL effectors in Xanthomonas disease, please see Chapter II. 
 
Rationale 
The important theme of this dissertation is the role of TAL effectors in triggering 
plant resistance to Xanthomonas. With discovery of the DNA binding code (Boch et al., 
2009; Moscou & Bogdanove, 2009) in late 2009, our understanding of TAL effector biology 
achieved a major breakthrough, revealing a remarkably predictable pattern of TAL effector-
DNA interactions. I immediately sought to exploit this knowledge for control of two major 
diseases of rice caused by Xanthomonas pathogens that secrete TAL effectors during 
infection. Traditional resistance breeding programs are limited by the often disappointing 
diversity, durability and resistance spectrum of natural R genes, whereas executor R genes 
amended with EBEs are theoretically limited only by the diversity of TAL effectors 
expressed by Xanthomonas pathogens of the relevant host. A defeated R gene cannot 
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typically be reinvigorated through traditional breeding efforts. In contrast, an executor R 
gene defeated through loss or mutation of the corresponding TAL effectors is likely to 
regain full functionality simply by the introduction of alternative EBEs into the promoter, 
suggesting frequent reengineering of executor R genes may extend their effective lifespans. 
My results, presented in Chapter III, suggest the addition of EBEs to natural executor R 
genes may enable the implementation of resistance programs for protection of several crops 
against Xanthomonas pathogens that express TAL effectors.  
 For decades researchers have failed to find natural resistance in rice against bacterial 
leaf streak, a significant disease caused by Xanthomonas oryzae pv. oryzicola (Xoc). In a 
screen of TAL effectors from this pathogen, we identified one, Tal2a, which appeared to 
trigger a resistance response in rice leaves when expressed heterologously by another 
Xanthomonas strain. Because Tal2a is expressed by a highly virulent pathogen, Xoc strain 
BLS256, we reasoned its study could inform our limited understanding of the ability of Xoc 
to suppress host resistance (Makino et al., 2006), so we attempted to characterize it. Early 
results suggested the resistance mechanism was likely to be an executor R gene, making it 
an attractive candidate for isolation and engineering as described for Xa27in Chapter III. 
The results presented in Chapter IV indicate a dose-dependent avirulence activity of Tal2a 
and identify four genes specifically activated by this effector, but efforts to pinpoint the 
source of the resistance in rice have been unsuccessful. Eventual identification of the host 
resistance source is likely to expand our knowledge of plant defense against Xanthomonas 
and could reveal an executor R gene useful for engineering resistance against Xanthomonas 
oryzae pv. oryzae (Xoo) and Xoc.  
Two appendices summarize most of my additional work with TAL effectors in 
applications not directly related to host resistance mechanisms. Since 2009, a flood of papers 
using TAL effectors as customizable DNA targeting domains has appeared (Bogdanove & 
Voytas, 2011). One of the few requirements restricting TAL effector DNA targeting is the 
essential Thymine nucleotide immediately adjacent to the 5’ end of the EBE (hereafter the 
0th position). Removing this requirement would increase the density of possible EBEs for 
TAL effectors used as specific DNA targeting domains. Toward this objective, appendix A 
presents an attempt to modify the natural TAL effector N-terminal domain architecture for 
greater flexibility or alternative specificities for the nucleotide at the 0th position. TAL 
  4
effector homologs in Ralstonia have an Arginine at the position analogous to the Tryptophan 
232 of Xanthomonas, which was thought to dictate interactions with the 0th nucleotide. Thus, 
I tested the Ralstonia N-terminal region fused to the other domains of the Xanthomonas 
PthXo1 effector to determine whether alternate or relaxed 0th nucleotide specificities would 
be preferred by the Ralstonia N-terminus. Although 0th nucleotide specificity was shifted to 
Guanine, activity levels were so low this exact hybrid protein configuration is unlikely to be 
useful to researchers desiring to use TAL effectors as robust DNA targeting domains.  
Presented in appendix B is an exploration of the function of various Xanthomonas 
oryzae TAL effectors in a diverse collection of rice germplasm by a U.S. strain of 
Xanthomonas oryzae that lacks TAL effectors of its own. Some effectors targeting known 
rice S genes enhanced virulence of the U.S. strain. We asked whether there was a correlation 
between increased virulence and S gene activation levels on certain host genotypes. On this 
basis I tested activation of the major Xoo S genes OsSWEET11 and OsSWEET14 by their 
corresponding TAL effectors and found no correlation between strength of S gene induction 
and virulence across several rice genotypes. 
 
Organization 
 This dissertation consists of four original research papers and a literature review. 
Chapter II provides a comprehensive account of the known roles of TAL effectors in 
Xanthomonas diseases. Chapter III describes the engineering of a TAL effector-triggered 
executor R gene for recognition of a broader spectrum of Xanthomonas strains. Chapter IV 
presents an analysis of a TAL effector from Xoc that may trigger an executor R gene and 
shows dose-dependent avirulence activity in Xoo and Xoc. Appendix A shows an attempt to 
engineer the TAL effector architecture for expanded DNA targeting flexibility. Appendix B 
documents the effects of various TAL effectors in diverse rice germplasm through 
expression by a U.S. strain of Xanthomonas oryzae that lacks TAL effectors of its own. My 
contributions to each project are described: 
1. Chapter II is a published literature review on the roles of TAL effectors in 
Xanthomonas disease. For this work, I reviewed and condensed the literature, wrote 
the text and drafted the figures.  Coauthor Adam Bogdanove edited the paper. I 
would like to thank Barry Stoddard, who kindly provided images of each RVD-DNA 
  5
interaction from which Figure 6.3 was generated. 
2. Chapter III is a published research paper describing the engineering of a resistance 
gene for expanded protection against additional strains of Xanthomonas. I worked 
with coauthor Adam Bogdanove to design the project and the elements included in 
the transgenic cassette. I then designed the exact configuration of the modified R 
gene and performed all wet lab experiments for the project. I worked with 
Bogdanove and coauthor Erin Doyle to design the in silico analysis of conserved 
elements in the EBEs. Doyle performed the in silico testing and provided assistance 
with the relevant figure. I drafted the text and figures. Bogdanove edited the 
manuscript. 
3. Chapter IV is a paper prepared for submission that describes the characterization of a 
natural TAL effector from Xoc that may trigger an executor R gene and shows dose-
dependent avirulence activity in Xoc and Xoo. During a screen of all TAL effectors 
from Xoc, coauthor Raúl Cernadas initially discovered an HR-like phenotype elicited 
by Tal2a. I performed all subsequent wet lab experiments except for the inoculations 
and RNA isolation for the RNAseq experiment with the 11 Xoc field isolate strains. 
This work was conducted by coauthor Li Wang. Coauthor Katie Wilkins performed 
the bioinformatics analysis for both RNAseq experiments. I wrote the text and 
created all figures. Together with coauthor Adam Bogdanove I designed the 
experiments. Bogdanove provided guidance on the general structure of the 
manuscript and some editing. 
4. Appendix A is a published paper detailing attempts to modify the natural TAL 
effector architecture for greater DNA targeting flexibility. The general characteristics 
of the study were the result of combined effort by most of the listed coauthors and 
also by helpful advisement from Barry Stoddard. Coauthor Erin Doyle conducted the 
majority of experiments, writing, and figure creation and coauthor Adam Bogdanove 
had the largest role in experimental design and editing. Coauthor Zachary Demorest 
conducted experiments and data processing related to the EMSAs; coauthor Colby 
Starker conducted experiments and data processing related to the TALEN assays in 
yeast; coauthor Philip Bradley designed and performed the bioinformatics studies 
related to structural predictions for the TAL effector backbone; and coauthor Daniel 
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Voytas provided significant contributions to the general structure of the paper and to 
experimental design. I helped design, and then performed, all experiments and data 
processing related to testing the chimeric Ralstonia/Xanthomonas TAL effector. 
5. Appendix B is a published paper exploring the effects of various TAL effectors on 
virulence of a U.S. Xanthomonas oryzae strain on a wide diversity of rice 
germplasm. All authors contributed to the overall structure and experimental design 
of the paper, with coauthors Valérie Verdier, Lindsay Triplett, Adam Bogdanove and 
Jan Leach performing the most significant roles. Coauthors Verdier, Triplett and 
Rene Corral performed the majority of the wet lab work. Coauthor Raúl Cernadas 
performed the semi-quantitative Real Time RT-PCR experiments. I performed the 
qPCR experiments and also discovered and performed half of the experiments 
demonstrating the virulence contribution of OsSWEET-targeting TAL effectors to 
Xoc. Triplett drafted the manuscript and coauthors Verdier, Adam Bogdanove and 
Jan Leach wrote and edited the paper. 
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CHAPTER 2 
 THE ROLES OF TRANSCRIPTION ACTIVATOR–LIKE (TAL) EFFECTORS IN 
VIRULENCE AND AVIRULENCE OF XANTHOMONAS 
 
A chapter published in Molecular Plant Immunity, First Edition1 
Aaron W. Hummel2 and Adam J. Bogdanove2 
 
Introduction 
Members of the gram-negative bacterial genus Xanthomonas collectively cause 
diseases of a wide variety of plant hosts, including important crop species such as rice, 
wheat, cassava, tomato, banana, bean, Citrus, sugarcane, and cotton. Of the many molecular 
factors important to Xanthomonas virulence and to the elicitation of plant defense, 
transcription activator–like (TAL) effector proteins are among the best understood. TAL 
effectors are delivered into plant cells by the bacterial type III secretion system (T3SS; 
Szurek et al. 2002). Encoded by hrp genes, required for elicitation of the defense-associated 
hypersensitive reaction (HR) and for pathogenicity, the T3SS produces a pilus that is 
believed to pierce the plant cell well to deliver pore-forming proteins that embed in the host 
cell membrane and then various proteins, including TAL effectors, that enter through the 
pore (Bonas et al. 1991; Fenselau et al. 1992; Fenselau and Bonas 1995; Huguet and Bonas 
1997; Rossier et al. 2000; Weber et al. 2005). Named for their resemblance to eukaryotic 
transcription factors (Yang et al. 2006), TAL effectors are molecular saboteurs that use 
nuclear localization signals (NLSs), a DNA binding domain, and a region similar to an 
acidic activation domain (AAD) to transcriptionally activate host “susceptibility (S) genes.” 
In ways that are only beginning to be understood, S gene activation creates conditions 
favorable for bacterial colonization, the development of symptoms, or both. Host gene target 
specificity of individual TAL effectors is encoded in a central repeat region (CRR) 
containing a variable number of polymorphic 33-35 amino acid repeats. Plants under disease 
pressure from TAL effector-wielding pathogens have evolved various mechanisms to defend 
against their action. This chapter details the roles of TAL effectors in disease (as virulence 
factors) and in defense elicitation (as avirulence factors), including what is known of TAL 
                                                 
1 Reprinted with permission from John Wiley & Sons, Inc. Copyright The Authors. 
2 Department of Plant Pathology and Microbiology, Iowa State University, Ames, IA 50011, USA 
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effector targets in host cells and mechanisms of plant disease resistance that involve TAL 
effectors. It also summarizes current understanding of the prevalence and distribution of 
TAL effectors in field populations of Xanthomonas and uses of TAL effectors in 
biotechnology. 
 
TAL Effectors Are Delivered into and May Dimerize in the Host Cell 
Constituting a large family of proteins in various Xanthomonas species, TAL 
effectors share 90%-97% amino acid identity (Lahaye and Bonas 2001; Buttner and Bonas 
2002). The archetypal and best-studied member of the family is AvrBs3 from X. campestris 
pv. vesicatoria (Xcv; Bonas et al. 1989). AvrBs3 triggers an HR in the pepper variety 
ECW30R by transcriptionally activating the cognate resistance (R) gene Bs3 (Bonas et al. 
1989; Römer et al. 2007). In susceptible plants, AvrBs3 triggers host cell hypertrophy by 
upregulating the UPA20 gene (Marois et al. 2002; Kay et al. 2007). Mutations in hrp loci 
prevented both of these functions (Knoop et al. 1991; Szurek et al. 2002). AvrBs3 triggered 
HR from within plant cells on transient expression from T-DNA delivered by 
Agrobacterium tumefaciens (Bonas and Van den Ackerveken 1999; Szurek et al. 2002). In 
addition, an Xcv hrp mutant carrying the canker-enabling pathogenicity factor PthA from X. 
citri was unable to produce canker in Citrus leaves (Yang and Gabriel 1995b). Translocation 
of TAL effectors to the host cell was demonstrated directly when immunocytochemistry 
revealed AvrBs3 accumulation in cell nuclei of Xcv-infected leaves but not in leaves 
infiltrated with a T3SS mutant of Xcv or when the bacterial strain expressed only a truncated 
variant of the effector lacking N-terminal signals required for type III secretion in culture 
(Szurek et al. 2002). 
Once inside the eukaryotic cell, AvrBs3 appears to dimerize, based on yeast two-
hybrid and dual epitope tag immunoprecipitation assays (Gürlebeck et al. 2005; Domingues 
et al. 2010). Also, transiently expressed AvrBs3::GFP fusions that lacked functional NLSs 
were imported into the nucleus only in the presence of untagged, wild-type AvrBs3, 
suggesting that dimerization occurs in the cytosol and persists through translocation into the 
nucleus (Gürlebeck et al. 2005). Co-expression of two AvrBs3 mutant alleles, one lacking 
the last four of its central repeats and the other lacking the AAD, produced delayed HR-like 
symptoms in pepper leaves containing Bs3 (Gürlebeck et al. 2005). This functional 
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complementation between the two mutant versions of AvrBs3 suggested that the protein 
elicits resistance as a dimer (Gürlebeck et al. 2005), although this is now known not to be 
the case, based on the recently solved crystal structures, discussed later in this chapter, 
which reveals that TAL effectors bind DNA as monomers. 
 
TAL Effectors Function in the Plant Cell Nucleus 
TAL effectors are directed to the nucleus through the activity of three discernible 
NLSs near the C-terminus of the protein (Yang and Gabriel 1995b; Szurek et al. 2001). 
Biolistically expressed fragments from the C-terminal regions of PthA of X. axonopodis pv. 
citri (Xac), AvrB6 of the cotton pathogen X. campestris pv. malvacearum (Xcm), or AvrBs3 
that included one or more of the NLSs were able to direct GUS fusions to the nuclei of 
onion cells (Yang and Gabriel 1995b; Van den Ackerveken et al. 1996), and AvrBs3::GFP 
fusions expressed transiently in A. tumefaciens transformed cells localized to the host cell 
nucleus only when the NLSs remained intact (Gürlebeck et al. 2005). Antibody assays 
showed specific accumulation of AvrBs3 in the nuclei of both susceptible and resistant cells 
from Xcv-infected pepper leaves, but NLS deletion mutant versions of the effector 
accumulated in the plant cell cytoplasm and not in the nucleus (Szurek et al. 2002). Nuclear 
accumulation of AvrBs3 was detectable at 12 hours past infection (Szurek et al. 2002). 
Nuclear import of TAL effectors is likely to occur through interaction of the NLSs with 
members of the plant importin α family (Mattaj and Englmeier 1998) in the host. NLS 2 of 
AvrBs3 was found to mediate interaction with two importin α proteins from pepper in yeast 
two-hybrid and GST immunoprecipitation assays (Van den Ackerveken et al. 1996; Szurek 
et al. 2001). PthA was also found to interact with importin α, among other proteins from 
Citrus (Domingues et al. 2010). The importance of localization to the host cell nucleus for 
TAL effector function was initially revealed by the loss of virulence or avirulence activity in 
NLS mutants of AvrBs3, AvrXa7, and AvrXa10 of X. oryzae pv. oryzae (Xoo; Van den 
Ackerveken et al. 1996; Zhu et al. 1998; Yang et al. 2000; Szurek et al. 2001; Marois et al. 
2002). Also, addition of the NLS from the SV-40 T-Antigen to an AvrXa7 variant missing 
its own NLSs restored both the virulence and the avirulence functions of the effector (Yang 
et al. 2000). 
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AvrBs4 Is Recognized in the Plant Cell Cytoplasm 
In contrast to R genes such as Bs3 that directly link detection of a TAL effector to its 
activity in the nucleus, one might envision an R protein that recognizes a TAL effector 
during its transit through the cytoplasm. Such is the case for recognition by the tomato Bs4 
protein of the AvrBs4 effector of Xcv, previously designated as AvrBsP and AvrBs3-3 
(Canteros et al. 1991; Bonas et al. 1993). An NLS deletion mutant of AvrBs4 retains 
avirulence function in tomato plants carrying the Bs4 gene (Ballvora et al. 2001). The 
portions of AvrBs4 outside the CRR are nearly identical to and functionally interchangeable 
with those of AvrBs3 (Bonas et al. 1993; Ballvora et al. 2001), leading to the idea that Bs4 
must recognize the structure of the repeat domain of AvrBs4 specifically. C-terminal 
deletion mutants of AvrBs4 containing only the first 3.5 repeats of the wild-type effector 
elicited Bs4-mediated resistance (Bonas et al. 1993; Schornack et al. 2003), but a slightly 
smaller version containing the N-terminal region through the first 26 residues of the first 
repeat was unable to elicit resistance (Schornack et al. 2003). Bs4 also mediates resistance 
in response to effectors Hax3 and Hax4 from the Brassicaceae pathogen X. campestris pv. 
armoraciae (Xca) in pathogen-delivered and transient expression systems (Kay et al. 2005; 
Schornack et al. 2005). However, the first several repeats of Hax3, Hax4, and AvrBs4 do 
not share the same repeat sequence polymorphisms (Kay et al. 2005), so how they are 
distinguished by Bs4 from other closely related family members is still unclear. 
Identification of Bs4 revealed that it was a predicted cytoplasmic member of the large 
Toll/interleukin-1-receptor, nucleotide-binding, and leucine rich repeat (TIR-NB-LRR) 
family of plant disease resistance proteins, consistent with the notion that it recognizes 
AvrBs4 in a ligand-receptor type interaction (Schornack et al. 2003). Yeast two-hybrid 
assays failed to detect direct interaction, suggesting that recognition may be indirect, fitting 
the guard model for function of NBS-LRR type R proteins (Van Der Biezen and Jones, 
1998; Dangl and Jones, 2001). A. tumefaciens-mediated transient overexpression of AvrBs3 
elicited a Bs4-dependent resistance response not observed in the natural Xcv/tomato 
pathosystem or when AvrBs4 is overexpressed in Bs3 containing plants, indicating that the 
recognition specificity of Bs4 is less stringent than that of Bs3 (Schornack et al. 2003, 
2005). By a wide margin, NBS-LRR proteins constitute the most common type of plant R 
gene (Takken and Tameling, 2009); it is surprising that Bs4 is thus far the only known NBS-
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LRR protein-encoding gene among the diversity of R genes that correspond to TAL 
effectors. Xa1, an NBS-LRR gene in rice, is effective against a limited number of Japanese 
Xoo strains, but its cognate resistance elicitor has not been identified (Yoshimura et al. 
1998; White and Yang 2009). Rxo1, a maize gene that mediates recognition of the AvrRxo1 
protein of X. oryzae pv. oryzicola, which is not a TAL effector, is another NBS-LRR R gene 
effective against Xanthomonas (Zhao et al. 2004). 
 
TAL Effectors Activate Host Gene Expression 
 Nearly a decade after the cloning of AvrBs3, sequence analysis of family members 
led to the identification of a highly conserved region at the C-terminal end resembling the 
AAD of many eukaryotic transcription factors (Zhu et al. 1998). The importance of this 
region became apparent when domain swapping revealed the AvrXa10 AAD is functionally 
interchangeable with the AADs from AvrXa7 and AvrBs3, and truncated mutants lacking 
only the AAD lose avirulence and virulence functions (Zhu et al. 1998; Yang et al. 2000; 
Szurek et al. 2001; Marois et al. 2002). Transcriptional activation activity was demonstrated 
for AvrXa10 in yeast; systematic mutagenesis of the AvrXa10 AAD revealed three amino 
acid mutations that together completely abolished this activity as well as HR elicitation in 
rice carrying the corresponding Xa10 gene (Zhu et al. 1999). Finally, partial functional 
complementation of both the AvrXa10 and the AvrBs3 AAD with the AAD from the herpes 
simplex viral protein, VP16, offered strong evidence that TAL effector AADs functioned 
through a conserved interaction with components of the eukaryotic transcriptional 
machinery (Zhu et al. 1999; Yang et al. 2000; Szurek et al. 2001). This hypothesis was 
further strengthened with the observation that AvrXa7 from Xoo bound A/T rich double-
stranded DNA in vitro (Yang et al. 2000). 
The first direct evidence of manipulation of host gene expression came with the 
discovery that AvrB3 causes upregulation of 22 and downregulation of 2 pepper genes, 
based on a cDNA-amplified fragment length polymorphism analysis (Marois et al. 2002). 
Of these genes, 13 were confirmed by quantitative real-time polymerase chain reaction and 
2, UPA(upregulated by AvrBs3)10  and UPA11, were upregulated even in the presence of 
the eukaryotic protein synthesis inhibitor cyclohexamide, suggesting that the effect of 
AvrBs3 on their expression was direct (Marois et al. 2002). A rapid succession of studies 
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followed, showing TAL effector-dependent, specific gene activation by AvrXa27, PthXo1, 
PthXo6, and PthXo7, all from Xoo, and by AvrBs3 (Gu et al. 2005; Yang et al. 2006; Kay et 
al. 2007; Sugio et al. 2007; Römer et al. 2009b, 2010). For AvrXa27, PthXo1, and AvrBs3, 
promoter polymorphisms between TAL effector-responsive and unresponsive alleles 
supported the notion that activation was direct (i.e., that the TAL effectors were unable to 
interact with the promoters of the unresponsive alleles). Nevertheless, the mechanism that 
enabled these very similar proteins to recognize and activate different host gene targets with 
such specificity remained unknown. The key to this mechanism lay within the polymorphic 
CRR, the heart of the TAL effector. 
 
Central Repeat Region of TAL Effectors Determines DNA Binding Specificity 
The number of full repeats in TAL effectors for which sequences are available 
ranges from 1-33, with 17 repeats being the most common (Boch and Bonas 2010). A repeat 
truncated at 20 amino acids and often referred to as the “half repeat” uniformly terminates 
the CRR. Within each repeat and the half repeat is a hypervariable pair of residues at the 
twelfth and thirteenth positions, referred to as the repeat-variable diresidue (RVD; Moscou 
and Bogdanove 2009). Early studies showed the importance of the CRR for specificity of 
TAL effector function in planta. Variants of AvrBs3, PthA, and AvrB6 with partial 
deletions of their CRR revealed that the respective functions of these proteins depend on the 
number and order of the central repeats (Herbers et al. 1992; Yang and Gabriel 1995a). The 
importance of the CRR was further confirmed when domain swapping among six avirulence 
genes from Xcm, a pathogenicity factor from Xac, and an avirulence factor and a virulence 
factor from Xoo showed the specific in planta effects to be entirely dictated by the CRR 
(Yang et al. 1994; Zhu et al. 1998; Yang et al. 2000). Given that most polymorphisms 
among these proteins are contained in the CRR, this observation was perhaps not surprising. 
That the CRR is involved directly in DNA binding was shown by electrophoretic mobility 
shift assays demonstrating that full-length AvrBs3 and a variant missing nearly all the 
protein outside the CRR bind a portion of the UPA20 gene promoter, whereas an AvrBs3 
variant lacking the CRR does not (Kay et al. 2007).  
A systematic experimental study of promoter sequences bound by AvrBs3 and a 
computational analysis of multiple TAL effectors and their target promoters led to the 
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discovery that a straight-forward sequence-based code governs TAL effector-DNA 
interactions (Boch et al. 2009; Moscou and Bogdanove 2009). Each RVD in the CRR of an 
effector corresponds to a single nucleotide in the DNA target sequence, with different RVDs 
exhibiting specificity for different nucleotides, such that the number of repeats and the 
composition of their RVDs determine the nucleotide sequence of the binding site, also called 
an effector binding element (EBE; Figure 6.1). RVD-specified binding sites observed in 
 
 
Figure 6.1 TAL effector domain structure and DNA recognition. TAL effectors contain an N-terminal; 
bacterial type III secretion signal (T3SS); two or three C-terminal nuclear localization signals (NLSs) that 
direct import to the plant cell nucleus; a C-terminal activation domain (AD) that mediates host gene activation; 
and a central region consisting of a variable number of direct repeats, each containing a repeat-variable 
diresidue (RVD; single-letter amino acid abbreviations) that interacts with a single nucleotide in the target gene 
promoter. Different RVDs preferentially associate with different nucleotides in a predictable fashion so that the 
number and RVD composition of repeats dictate a unique effector binding element (EBE) of adjacent 
nucleotides for each effector. PthXo1 RVDs are shown in association with the PthXo1 EBE found in the 
promoter of the rice bacterial blight susceptibility gene Xa13 (also Os8N3 and OsSWEET11). 
 
 
nature are consistently preceded by a thymine (Boch et al. 2009; Moscou and Bogdanove 
2009). This thymine was shown to be required for binding by AvrBs3, Hax3, PthXo1, 
PthXo6, and AvrXa7 (Boch et al. 2009; Römer et al. 2009a, 2010). Using the code and the 
initial thymine as a filter, potential EBEs can be predicted with high confidence. It was not 
immediately clear what part of the TAL effector specifies the thymine, but similarity of the 
sequence immediately preceding the CRR to the repeat consensus suggested that this 
sequence might form a cryptic T-specific repeat (Bogdanove et al. 2010). The code 
represented a tremendous breakthrough, but the major question of how the very large, novel 
DNA binding domain represented by TAL effectors positioned the RVDs for base (or base-
pair) specific interactions remained unanswered. 
 
TAL Effectors Wrap Around DNA in a Right-Handed Superhelix 
The TAL effector CRR is reminiscent of the tetratricopeptide repeat (TPR) domain found in 
many eukaryotic and prokaryotic proteins involved in protein-protein interactions. This 
domain consists of tandem, degenerate 34-amino acid repeats that each form an antiparallel, 
two-helix bundle and that together assemble into a left-handed superhelical structure 
HDNN N*NGHDHGNI HDHD HDNI NGNG NI NG NN NSNG NINI NINI N* N* AD T3SS NLS
GG A T CCCCCCCCCCCC AAAA TTTT
CC T A GGGGGGGGGGGG TTTT AAAA
T
A
5’
3’
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(D’Andrea and Regan 2003). Based on this, it was suggested that each TAL effector repeat 
might similarly form an α-helical supersolenoid that positions the RVD of each repeat at the 
solvent-exposed surface of the protein (Schornack et al. 2006). Nuclear magnetic resonance 
(NMR) imaging of a 1.5-repeat fragment from PthA, in the absence of DNA, supported this 
prediction (Murakami et al. 2010). However, in that structure, the RVDs were positioned at 
too great a distance to interact directly with contiguous bases or base pairs in B form DNA, 
and the way in which TAL effector repeats physically interact with DNA to specify the 
target remained unclear. The mystery was finally unraveled when crystal structures were 
solved for PthXo1 bound to a DNA fragment containing its target nucleotide sequence from 
the rice genome (Mak et al. 2012) and for the custom-made TAL effector dHax3 bound to a 
fragment containing its code-specified target (Deng et al. 2012). The structures reveal that a 
TAL effector bound to DNA consists of a superhelical arrangement of left-handed helical 
bundles, but in contrast to TPR proteins, the bundles pack in a right-handed fashion to track 
the major groove as they wrap around the DNA (Figure 6.2). The two α-helices of each 
repeat are connected by a loop containing the RVD that projects deeply into the major 
groove. The first residue of each RVD forms a stabilizing contact with the peptide backbone 
of the loop, positioning the second residue for contacts with a corresponding base on the 
DNA sense strand that explain RVD-nucleotide specificity (Figure 6.3). Residues upstream 
of the CRR fold into two more repeat structures (the 0 and −1 repeats) that make additional 
contacts to the DNA. In particular, a tryptophan in the −1 repeat makes nonpolar van der 
Waals contacts with the methyl group of the thymine that precedes the RVD-specified 
nucleotide sequence, explaining the conservation of this base in EBEs observed in nature.  
 
TAL Effector Targets Include Different Susceptibility and Candidate Susceptibility 
Genes 
Numerous targets of TAL effectors have been demonstrated to contribute to the 
ability of Xanthomonas species to cause disease. AvrBs3 was originally identified based on 
its avirulence function in pepper lines carrying the Bs3 gene, which was later shown to be 
the result of direct activation of the Bs3 gene (Bonas et al. 1989; Minsavage et al. 1990; 
Römer et al. 2007). In susceptible lines, AvrBs3 activates several genes that may contribute 
to the ability of Xcv to cause bacterial spot (Marois et al. 2002). AvrBs3 has not been 
 observed to increase bacterial growth 
spreading to uninfected plants under field conditions (Wichmann and Bergelson 2004).
Among the genes it induces in susceptible plants is 
hypertrophy when upregulated (Kay 
pathogen fitness is still unclear, but it is possible the cell hypertrophy facilitates bacterial 
egress to the leaf surface to increase the rate of spreading in the field.
 
Figure 6.2 Three-dimensional structure of PthXo1 bound to its natural target (Ma
the repeats form a left-handed superhelix that winds around the B
the major groove. Each repeat consists of two helices with the RVD presented to the DNA on a loop 
connecting the two helices.  
 
 
This idea is not without precedent. Avrb6, a pathogenicity factor from Xcm, increases water 
soaking in cotton and strongly enhances pathogen release to the leaf surface for dispersal by 
rainwater (De Feyter and Gabriel 1991; Yang 
pathogenicity factor from Xac responsible for the characteristic symptom of citrus canker, 
causes hyperplasia and hypertrophy that results in rupture and necrosis of the epidermis in 
Citrus leaves and consequent release of b
1991; Duan et al. 1999). Although characterized Xac strains contain various PthA 
homologs, the presence of PthA itself appears tightly correlated with the ability to cause 
citrus canker; it is present in al
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in planta, but it significantly enhanced pathogen 
UPA20, a gene that causes cell 
et al. 2007). Whether this target of AvrBs3 enhances
 
k et al. 2012). Collectively, 
-form DNA in a right-handed fashion to track 
et al. 1994). Also, PthA, an essential 
acterial cells to the leaf surface (Swarup 
l five host range groups of Xac (Al-Saadi et al
   
 
 
et al. 
. 2007). X 
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campestris pv. citrumelo, which lacks PthA, does not cause canker but does cause citrus leaf 
spot and is much less efficiently naturally disseminated in the field (Gabriel et al. 1989; 
Graham and Gottwald 1991; Swarup et al. 1991; Duan et al. 1999). The correlation suggests 
that PthA uniquely induces a host gene that mediates canker development, but no direct 
target of PthA has been identified so far.  
X. oryzae is remarkable among Xanthomonas species for the relatively large numbers 
of TAL effectors in any given strain (Salzberg et al. 2008). TAL effectors in Xoo contribute  
 
Figure 6.3 Interaction of the six most common RVDs with their corresponding matching nucleotides. The side 
chain of the twelfth amino acid of each repeat forms a stabilizing hydrogen bond with the carbonyl oxygen of 
the eighth amino acid of the same repeat, whereas the thirteenth amino acid side chain interacts directly with 
the nucleotide on the plus strand of the DNA. Hydrogen bonds are represented by black lines. NI interacts with 
its partner nucleotide through nonpolar van der Waals interactions (white arrow). A reduced loop length in the 
33-amino acid N* repeat results in greater separation of the RVD loop and the DNA (double white arrow) that 
abrogates nucleotide specificity. Logos indicate frequency of association with each nucleotide based on 
naturally occurring TAL effectors (Moscou and Bogdanove 2009). The frequency of occurrence (percent) of 
each RVD in 113 TAL effectors is indicated in parentheses (calculated from Boch and Bonas 2010). Cartoons 
were drawn with PyMol (www.pymol.org) using the DNA-protein crystal structure data for PthXo1 and dHax3 
(Mak et al. 2012; Deng et al. 2012). For color detail, see color plate section. 
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to varying extents to virulence (Bai et al. 2000), and studies have led to the identification of 
several targets. One of these, a target of TAL effector PthXo6, encodes a bZip transcription 
factor called TFX1. TFX1 was upregulated by all tested strains of Xoo (White and Yang 
2009). Its identity as an S gene was confirmed by the ability of the gene, when upregulated 
in transgenic plants, to rescue the virulence of a PthXo6 mutant strain (Sugio et al. 2007; 
White and Yang 2009). However, the precise molecular function of TFX1 is yet to be 
determined. Other S genes in rice targeted by Xoo TAL effectors include members of the 
MtN3 family of genes related to a gene required for Sinorhizobium-induced nodulation in 
Medicago truncatula, also known as SWEET genes for their predicted roles in sugar 
transport (White and Yang 2009; Chen et al. 2010), and a gene encoding the γ subunit of 
transcription factor IIA, discussed in more detail subsequently. 
 
MtN3 Gene Family Is Targeted by Multiple TAL Effectors 
The best-characterized S genes targeted by TAL effectors are members of the MtN3 
or SWEET family, first described in root nodules of Medicago truncatula and conserved in 
plants, mammals, nematodes, and insects (Guan et al. 2008; White and Yang 2009). Os8N3 
(also called Xa13 and OsSWEET11), located on chromosome 8 and one of > 17 SWEET 
family paralogs in rice, is a major S gene directly activated by PthXo1 of Xoo strain PXO99 
during development of bacterial blight (Yang et al. 2006). Loss of PthXo1 resulted in failure 
to upregulate Os8N3 and incompatibility on normally susceptible rice; silencing of Os8N3 
rendered plants resistant (Yang et al. 2006). AvrXa7, PthXo2, and PthXo3, each major 
virulence factors from other strains, restore full virulence to the PthXo1 mutant strain of 
PXO99 without inducing Os8N3 (Yang et al. 2006; Antony et al. 2010). AvrXa7 and 
PthXo3 do this by upregulating a paralog on chromosome 11, Os11N3 (also called 
OsSWEET14; Antony et al. 2010). PthXo3 and AvrXa7 target distinct, but overlapping 
sequences in the Os11N3 promoter, providing a likely explanation for the unique ability of 
AvrXa7 to trigger Xa7 mediated resistance: presumably, the Xa7 promoter shares a sequence 
similar to the AvrXa7 binding site in Os11N3 but no sequence to which PthXo3 would bind. 
Os11N3 was also shown to be targeted by a major virulence factor, TALC, from an African 
Xoo strain (Yu et al. 2011). Yet another rice MtN3 family member, locus Os12g2922 (Rice 
Genome Annotation Project, http://rice.plantbiology.msu.edu/), equivalent to OsSWEET13, 
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is specifically upregulated by Xoo strain PXO339, but the activating TAL effector has not 
been identified (Liu et al. 2011). The target of PthXo2, the remaining TAL effector that was 
shown to rescue a PthXo1 mutant, has not been reported, but it seems likely to be an MtN3 
family member as well (Antony et al. 2010). 
The importance of Os11N3 as an S gene is underscored by a study examining 
pathogen fitness as a predictor of R gene durability under field conditions (Vera Cruz et al. 
2000). Rice containing the Xa4 and Xa10 R genes suffered bacterial blight epidemics owing 
to resistance-breaking strains in all years and locations tested, whereas plants containing Xa7 
were mostly healthy, despite the persistence of Xa7-compatible Xoo strains (Ona et al. 1998; 
Vera Cruz et al. 2000). Xa7 continued to be effective for at least 10 years of continuous 
cultivation (Ponciano et al. 2004). The inability of Xa7-compatible strains to cause an 
epidemic was attributed to a fitness penalty resulting from their loss of AvrXa7 activity 
(Vera Cruz et al. 2000). Presumably, strains that had lost the ability to activate Xa7 were 
also unable to upregulate Os11N3 (Antony et al. 2010), a condition that allowed limited 
virulence on Xa7 plants but prevented epidemic-level aggressiveness (Vera Cruz et al. 
2000). The number of MtN3 family members targeted by this diverse array of TAL effectors 
and the significant loss of virulence in the absence of those TAL effectors suggests these 
host targets provide a critical condition for bacterial blight when expressed. 
Altogether, the rice MtN3/SWEET family appears to play a central role in the 
interaction of Xoo with rice. One of the targets of AvrBs3 in pepper, UPA16, is also an 
MtN3 homolog (Kay et al. 2009). The biochemical function of MtN3 proteins is not yet fully 
understood. The Os8N3 gene product is a membrane-localized protein that interacts with 
products of the copper transporter genes COPT1 and COPT5 (Chu et al. 2006; Yuan et al. 
2010). Overexpression of each of these three genes reduced copper levels in the xylem by 
mediating transport into cells and resulted in greater susceptibility to Xoo (Yuan et al. 
2010). Os8N3, COPT1, and COPT5 are each upregulated on infection with Xoo, and this 
same pattern of copper migration from the xylem into host cells was observed during disease 
development (Yuan et al. 2010). An independent study implicates the MtN3 family in sugar 
transport across the plasma membrane. Os8N3 and Os11N3 were proposed to mediate sugar 
transport from plant cells into the otherwise nutrient-poor xylem, enhancing the ability of 
the xylem-restricted Xoo to colonize the plant (Chen et al. 2010). A role in copper transport 
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and a role in sugar efflux for Os8N3 and Os11N3 are not mutually exclusive, although no 
precedent for sugar/metal antiporters is currently known. 
 
Promoter Polymorphisms Prevent S Gene Activation to Provide Disease Resistance 
The discovery of Os8N3 as a TAL effector target that is required for full 
susceptibility contributed to a major conceptual advance in understanding of plant disease 
resistance. Os8N3 was found to be synonymous with a previously described recessive 
resistance gene, xa13 (Bai et al. 2000; Yang et al. 2000; Yang et al. 2006). Promoter 
polymorphisms in xa13 relative to the dominant Xa13 allele found in susceptible plants 
prevent activation of the gene by PthXo1. The critical role Os8N3 induction plays in disease 
renders this passive form of defense as effective as dominant R genes that mediate active 
defense responses (Bai et al. 2000; Yang et al. 2000; Yang et al. 2006). A second likely 
example of this resistance mechanism is xa25, another promoter-polymorphic member of 
the MtN3 family, of which only the allele in susceptible plants, Xa25 (an allele of the 
previously mentioned OsSWEET13), is induced by the pathogen (Liu et al. 2011). With the 
exception of viral pathosystems in which plant host factors are exploited directly for viral 
replication, and mutations that make those factors unusable by the virus confer resistance 
(Le Gall et al. 2011), recessively inherited resistance genes are relatively rare in plant 
pathogen interactions. However, roughly a third of all known rice bacterial blight resistance 
genes are recessive (Iyer-Pascuzzi and McCouch 2007). It seems likely that most, if not all, 
of these would correspond to promoter polymorphisms that prevent TAL effector-mediated 
activation of a major S gene, a new paradigm for disease resistance. 
 
Nature of the Rice Bacterial Blight Resistance Gene xa5 Suggests TAL Effector 
Interaction with Plant Transcriptional Machinery 
An important question that remains to be answered is how TAL effectors recruit the 
host transcriptional machinery to activate gene expression once bound to a target gene 
promoter. TAL effectors function not only in plants but also in mammalian cells (Geiβler et 
al. 2011; Miller et al. 2011), suggesting interaction with one or more of the most broadly 
conserved components of eukaryotic transcriptional machinery. One hint at the host 
transcriptional partner of TAL effectors comes from a distinct type of genetically recessive 
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resistance to Xanthomonas represented by the rice xa5 gene, which confers broad resistance 
to bacterial blight strains. The xa5 gene, on rice chromosome 5, encodes the γ subunit of the 
TFIIA general transcription factor (Iyer and McCouch 2004; Jiang et al. 2006) This subunit 
cooperates with the α and β subunits of TFIIA to buttress the binding of the TATA box by 
the TATA-binding protein (Hieb et al. 2007). The encoded protein, xa5, differs from the 
protein of the dominant susceptible allele, Xa5, by a single residue substitution that changes 
the solvent-exposed valine at position 39 to a glutamic acid (Iyer and McCouch 2004). The 
breadth of resistance conferred by xa5 suggests that this polymorphism represents a general 
mechanism; the simplest hypothesis is that TAL effectors recruit the transcriptional 
machinery via interaction with the TFIIA γ subunit and that the xa5 allele reduces the 
affinity of that interaction, reducing the ability of TAL effectors to activate S genes and 
resulting in another passive form of resistance. Evidence in support of this hypothesis is 
provided by the discovery that strain PXO99 of Xoo, which is virulent to plants homozygous 
for the xa5 allele, induces an xa5 paralog on chromosome 1, designated as TFIIAgamma1 
(Sugio et al. 2007). Presumably, TFIIAgamma1 substitutes for the Xa5 protein and restores 
TAL effector ability to recruit the transcriptional machinery. However, despite the genetic 
evidence for a direct interaction of TAL effectors with this component of the transcriptional 
machinery, no such interaction has been demonstrated physically. 
 
Executor R Genes Exploit TAL Effector Activity for Resistance 
In some cases, plants have evolved genes that exploit TAL effector activity to initiate 
a defense response. Such “executor” R genes (Bogdanove et al. 2010) have a sequence in 
their promoter that mimics that of the EBE found in the promoter of a TAL effector-driven S 
gene. Normally silent in leaf tissue, these genes, when activated by a TAL effector, rapidly 
cause host cell death similar to an HR, and halt infection. The first characterized example of 
this class of R gene was another gene for resistance to bacterial blight of rice, Xa27 (Gu et 
al. 2005). The coding sequences of the functional (Xa27) and nonfunctional (xa27) alleles 
were identical, but promoter polymorphisms led investigators to test whether differential 
gene expression caused resistance (Gu et al. 2005). RNA blots revealed that Xa27, but not 
xa27, was expressed only in response to pathogen strains delivering the AvrXa27 effector 
(Gu et al. 2005). Later, the resistance-associated cell death elicited by AvrBs3 on Bs3 
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pepper plants was shown to occur by a similar mechanism (Römer et al. 2007). Bs3-E, an 
allele from a susceptible isoline that differs from the Bs3 allele only by a 13-nucleotide 
insertion in the promoter, was not activated by AvrBs3 but was induced by an artificial 
variant of AvrBs3, AvrBs3∆rep16, which lacks repeats 11–14 in the CRR (Herbers et al. 
1992; Römer et al. 2009a). When the TAL effector-DNA binding code was broken, it 
became clear that the relevant polymorphisms coincide with the TAL effector binding site in 
each case and prevent activation of the nonfunctional allele of the respective R genes. These 
observations further highlighted the potential of even small polymorphisms in critical 
promoter elements to confer resistance differentially to pathogens that deploy specific TAL 
effectors, a mechanism that represents an additional noncanonical paradigm relative to most 
characterized plant disease resistance genes. 
Neither Xa27 (113 amino acids) nor Bs3 (342 amino acids) have evident homology 
to any known plant R proteins or to each other (Gu et al. 2005; Römer et al. 2007). AvrBs3 
has homology with flavin-dependent monooxygenases (Römer et al. 2007). Whether Xa27 
and Bs3 actively initiate cell death programs, similar to other R proteins, or are simply 
cytotoxic, has not been established. The distribution of Xa27 in different rice varieties has 
not been characterized, but for Bs3, the absence of an intact coding sequence in numerous 
examined pepper accessions suggests that it is not a gene necessary for development or 
metabolism and may function only in disease resistance (Römer et al. 2009a). 
Including the two known NBS-LRR genes (Bs4, Xa1), the nonfunctional S genes 
(xa13, xa25), the unusual xa5 gene, and the executor genes (Bs3, Xa27), R genes directed at 
TAL effectors constitute a diverse group. Among these, the executor R genes may prove to 
be the most common. The rice bacterial blight resistance genes Xa7 and Xa10, although not 
yet cloned, map to regions without NBS-LRR gene homologs (Chen et al. 2008; Gu et al. 
2008; Zhang et al. 2009; Bogdanove et al. 2010). Similar to Xa27 and Bs3, resistance 
mediated by these genes requires that the corresponding TAL effectors, AvrXa7 and 
AvrXa10, have their respective CRRs and intact NLSs and AADs (Zhu et al. 1998, 1999; 
Yang et al. 2000). Thus, Xa7 and Xa10 are most likely executor R genes specifically 
transcriptionally activated by their corresponding TAL effector. AvrXg1, a TAL effector 
from the soybean (Glycine max) pathogen, X. axonopodis pv. glycines (Xag), also depends 
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on its CRR and AAD for avirulence activity, suggesting that its gene-for-gene partner is yet 
another executor R gene (Athinuwat et al. 2009). 
 
Diversity of TAL Effectors in Xanthomonas Populations Is Largely Unexplored 
Selective pressure to avoid activating executor R genes while continuing to target S 
genes in the face of plant host counteradaptation can be expected to drive expansion of the 
TAL effector gene family in individual strains and in populations. Intragenic recombination 
driven by the CRR and intergenic recombination driven by the CRR and the highly 
conserved flanking regions of TAL effector genes are likely mechanisms of achieving this 
through TAL effector gene amplification and diversification. TAL effectors that have been 
characterized represent a diverse yet still relatively small group, from only a handful of 
strains representing a few Xanthomonas species and pathovars. We know little of the variety 
and distribution of TAL effectors across wild populations of the 20 recognized species and 
multiple pathovars within species of Xanthomonas. It is likely that the extent of TAL 
effector diversity and importance in plant diseases is yet to be fully appreciated. For 
example, the role of TAL effectors in bacterial leaf pustule of soybean is almost entirely 
unexplored, despite the fact that typical strains of Xag carry multiple TAL effector genes 
(Kim et al. 2006; Park et al. 2008). The same is true of Xcm and X. mangiferaeindicae, an 
important pathogen of mango (Gagnevin et al. 1997). TAL effector diversity has been best 
characterized in Xoo. A survey of 308 different Asian Xoo isolates revealed a minimum of 
10-14 TAL effectors per strain (Adhikari et al. 1995), whereas other Asian and South 
American strains appear to have at least 6-12 TAL effectors, and African strains carry at 
least 4 TAL effectors (Ryba-White et al. 1995). Variation may reflect adaptations to 
variation in S gene promoters across local host genotypes or the evolution of specificities for 
alternative types of S genes in different locations, but so far, individual TAL effectors from 
only a few strains have been sequenced, so these possibilities remain untested. If the variety 
of known TAL effector targets is an accurate predictor, an enormous pool of TAL effectors 
and targets awaits characterization. With the TAL effector-DNA binding code in hand, 
coordinated approaches combining effector sequencing, bioinformatic prediction of host 
gene targets, and experimental validation are likely to lead to the rapid identification of a 
large number of plant genes that play important roles in disease and resistance. 
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As additional TAL effector targets are identified, it will be of interest to determine 
the relationship of S genes to the variations observed among Xanthomonas species and 
pathovars with regard to their host and tissue specificity and the symptoms they cause. Are 
there S genes or S gene families (e.g., the MtN3 family) that are targeted in common by 
different pathogens in different hosts? What S genes are unique to a particular disease? Do 
similar symptoms result from the targeting of related S genes? In addition to answers to 
these questions, important new resistance genes are also likely to emerge, along with a better 
understanding of the physiological and biochemical function of executor R genes. 
 
TAL Effectors Are Useful Tools for DNA Targeting 
The TAL effector-DNA binding code not only enables computational prediction of 
binding sites in a genome to identify candidate TAL effector targets, but it also has proven 
to be a reliable means of designing TAL effectors with custom CRRs for several DNA 
targeting applications in research and biotechnology (Bogdanove and Voytas 2011). 
Targeted gene activation has been achieved in plants and in human cells with designer TAL 
effectors, and custom TAL effectors fused to the catalytic domain of the FokI endonuclease 
have proven effective as genome engineering tools. These TAL effector nucleases 
(TALENs) create targeted double-strand breaks in DNA that induce site-specific mutations 
by the nonhomologous end joining mechanism of DNA repair or targeted DNA replacement 
by stimulating repair through recombination in the presence of a repair template with 
sequence similarity to the cut site. Use of TAL effectors in other DNA-targeting 
applications, such as gene repression, epigenetic modification, and point mutagenesis, is also 
being explored. A growing number of studies indicate that targeting with TAL effectors is 
robust and their specificity is high, but given the large size of the proteins and the fact that 
individual RVD-nucleotide preferences are not absolute and may depend in part on context 
within the CRR, issues of optimal delivery and expression as well as accurate prediction of 
potential off-target binding sites remain to be worked out. 
One potential application of TAL effector-based technology is engineering plant 
resistance to Xanthomonas. One could use TALENs to knock out TAL effector binding sites 
in the promoters of major S genes to prevent activation and achieve resistance. Although the 
irony of this approach may be lost on the bacteria, it seems feasible based on the naturally 
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occurring example of xa13 and of the several other recessive genes for resistance to bacterial 
blight of rice that likely function in this way. However, there may be cases in which the 
effector binding site overlaps an essential cis element required for the endogenous function 
of an S gene, precluding its modification for resistance. 
TALENs might also be used for targeted DNA replacement to add TAL effector 
binding sites to an executor R gene promoter and broaden the spectrum of strains against 
which the gene is effective. Durability might be achieved by using binding sites recognized 
by TAL effectors that are major virulence factors. Adaptive loss of the effectors to avoid 
activating the engineered R gene would likely impose a fitness cost on the pathogen that 
could prevent the predominance of resistance-breaking strains, as was observed in the case 
of AvrXa7 and Xa7 (Vera Cruz et al. 2000). Proof of concept for the overall approach was 
demonstrated using a reporter gene in a transient activation assay in N. benthamiana (Römer 
et al. 2009b), but the idea has not yet been tested in a stable transgenic or TALEN-
engineered line using an executor gene. Thorough characterization in this context would be 
necessary before deployment in light of the possibility that the binding site sequences 
contain or create a cis element that would drive expression of the executor gene during 
development or under particular environmental conditions other than attack by a pathogen, 
leading to inadvertent and possibly systemic cell death. 
 
Conclusion 
Members of the genus Xanthomonas employ an unusual strategy for plant 
pathogenesis by employing eukaryotic protein features in a prokaryotic effector family to 
shape the host gene expression program into a pattern favorable for the pathogen. Plants 
counter this activity with promoter or transcription factor polymorphisms and actively resist 
the pathogen with TAL effector-induced executor genes. Great progress has been made in 
the more than two decades of research since the first TAL effector, AvrBs3, was identified, 
and several new points of conflict in the plant and pathogen “arms race” have been revealed. 
With the TAL effector-DNA binding code now in hand, characterization of TAL effector-
target pairs is likely to remain a fertile frontier for understanding diverse Xanthomonas 
pathosystems. The unique DNA-targeting mechanism of TAL effectors already shows 
promise for gene therapy and genome editing, and the potential for engineering crop 
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resistance to pathogens that rely on TAL effectors is great. From broadening our 
understanding of the factors bacteria can exploit to infect their hosts, to revealing new 
mechanisms for plant disease resistance, to enabling powerful new approaches for research 
and biotechnology, TAL effectors promise to drive exciting new findings and technological 
advances for years to come. 
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Summary 
• Xanthomonas transcription activator-like (TAL) effectors promote disease in plants 
by binding to and activating host susceptibility genes. Plants counter with TAL 
effector-activated executor resistance genes, which cause host cell death and block 
disease progression. We asked whether the functional specificity of an executor gene 
could be broadened by adding different TAL effector binding elements (EBEs) to it. 
• We added six EBEs to the rice Xa27 gene, which confers resistance to strains of the 
bacterial blight pathogen Xanthomonas oryzae pv. oryzae (Xoo) that deliver the TAL 
effector AvrXa27. The EBEs correspond to three other effectors from Xoo strain 
PXO99A and three from strain BLS256 of the bacterial leaf streak pathogen 
Xanthomonas oryzae pv. oryzicola (Xoc). 
• Stable integration into rice produced healthy lines exhibiting gene activation by each 
TAL effector, and resistance to PXO99A, a PXO99A derivative lacking AvrXa27, and 
BLS256, as well as two other Xoo and 10 Xoc strains virulent toward wildtype Xa27 
plants. Transcripts initiated primarily at a common site. Sequences in the EBEs were 
found to occur nonrandomly in rice promoters, suggesting an overlap with endogenous 
regulatory sequences. 
• Thus, executor gene specificity can be broadened by adding EBEs, but caution is 
warranted because of the possible coincident introduction of endogenous regulatory 
elements. 
                                                 
1 Reprinted with permission from New Phytologist, 2012, 195(4), 883-893. Copyright The Authors. 
2 Department of Plant Pathology and Microbiology, Iowa State University, Ames, IA 50011, USA 
3 Author for correspondence. 
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Introduction 
Many crops, including rice, wheat, cotton, citrus, tomato, cassava, banana, 
soybean, sugarcane, and others, suffer losses as a result of infection by pathogenic members 
of the bacterial genus Xanthomonas. Rice (Oryza sativa), a staple for more than half the 
world’s population, is host to the xylem pathogen Xanthomonas oryzae pv. oryzae (Xoo),  
which causes bacterial blight, and the leaf mesophyll pathogen, Xanthomonas oryzae pv. 
oryzicola (Xoc), which causes bacterial leaf streak. These diseases reduce yields by up to 
50 and 30%, respectively (Niño-Liu et al., 2006). Like several Xanthomonas species, Xoo 
relies on transcription activator-like (TAL) effectors to render the host susceptible to 
colonization (Bai et al., 2000; Yang & White, 2004; Yang et al., 2006; Sugio et al., 2007; 
Antony et al., 2010). Xoc also deploys TAL effectors, which, though less well studied, are 
presumed to contribute similarly to virulence (Makino et al., 2006; Bogdanove et al., 
2011). 
Named for features shared with eukaryotic transcription factors (Yang et al., 2006), 
TAL effectors are secreted into host cells via the bacterial type III secretion system (T3SS), 
then directed to the host cell nucleus by C-terminal nuclear localization signals (Yang & 
Gabriel, 1995; Van den Ackerveken et al., 1996; Szurek et al., 2001, 2002). There they bind 
to cognate effector binding elements (EBEs) in specific host gene promoters to activate 
transcription of those genes using a C-terminal, acidic activation domain (Zhu et al., 1998, 
1999; Kay et al., 2007; Ro¨mer et al., 2007; Boch et al., 2009; Moscou & Bogdanove, 2009). 
Binding specificity is dictated by a variable number of central, 33–35 amino acid repeats. 
In each repeat, a pair of variable residues at positions 12 and 13 (together called the repeat-
variable diresidue (RVD)) preferentially associates with a different nucleotide to define the 
length and sequence of the EBE (Boch et al., 2009; Moscou & Bogdanove, 2009). With 
this modular protein-DNA recognition mechanism, the pathogen can activate multiple 
susceptibility (S) genes in the host by deploying different TAL effectors. Several bacterial 
blight S genes in rice that correspond to Xoo TAL effectors important for virulence have 
been identified (Yang et al., 2006; Sugio et al., 2007; Antony et al., 2010), and several 
more S gene candidates for bacterial blight and bacterial leaf streak have been predicted 
computationally based on RVD sequences of uncharacterized Xoo and Xoc TAL effectors 
(Moscou & Bogdanove, 2009). 
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Plants counter TAL effector-wielding pathogens with S gene mimics that cause host 
cell death and block disease progression when transcriptionally activated. Such normally 
silent, EBE- controlled ‘executor’ resistance genes (Bogdanove et al., 2010) include the 
pepper (Capsicum annuum) Bs3 gene, which provides resistance against strains of the 
bacterial spot pathogen Xanthomonas campestris pv. vesicatoria that express the TAL 
effector AvrBs3 (Bonas et al., 1989; Ro¨mer et al., 2007), and the rice bacterial blight 
resistance gene Xa27, which is activated by the Xoo TAL effector AvrXa27 (Gu et al., 
2005). In addition to executor genes, alleles of major S genes that are immune to activation 
by the corresponding TAL effector, such as the rice xa13 and xa25 bacterial blight 
resistance genes, provide another form of defense (Yang et al., 2006; Liu et al., 2011). A 
third type of resistance directed at TAL effectors, again exemplified by a rice bacterial 
blight resistance gene, xa5, is a polymorphism in the gamma subunit of general 
transcription factor TFIIA. A single amino acid substitution in the protein is thought to 
impair the ability of TAL effectors to recruit the transcriptional machinery to activate target 
genes (Iyer & McCouch, 2004; Sugio et al., 2007; Gu et al., 2009). Each of these types of 
resistance, however, is subject to defeat by adaptation of the pathogen TAL effector 
inventory. For example, executor genes can be defeated by mutation or loss of the 
corresponding TAL effector, provided the TAL effector is dispensable for virulence, as 
appears to be the case for AvrXa27 (Tian & Yin, 2009). S gene promoter polymorphisms 
that confer resistance can be overcome by TAL effectors that target the new sequence or an 
alternative S gene (Antony et al., 2010). Also, the xa5 gene is rendered ineffective by a 
strain with two apparent adaptations, a TAL effector that activates the corresponding S gene 
particularly strongly such that the reduction in activity caused by xa5 might be 
inconsequential, and a TAL effector that induces expression of a TFIIA gamma paralog that 
may substitute for the allele found in susceptible plants (Yang et al., 2006; Sugio et al., 
2007; B. Yang, unpublished). Furthermore, the latter two types of resistance are 
genetically recessive, rendering them less easily bred into elite hybrids. A genetically 
dominant, broad-spectrum, and durable form of resistance effective against pathogens that 
deploy TAL effectors would be beneficial, but none has been identified. 
In  an Agrobacterium-mediated transient expression assay in Nicotiana 
benthamiana, Römer et al. (2009a) showed that amending the Bs3 gene promoter with the 
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AvrXa27 EBE (which they call a ‘UPT box’, which stands for up-regulated by TAL effector) 
and an EBE matching an AvrBs3 variant called AvrBs3∆rep16 rendered the promoter 
responsive to all three TAL effectors. This pioneering study suggested that broad-spectrum 
and potentially durable resistance might be achieved by stable integration of an executor gene 
engineered in this way to respond to TAL effectors from multiple pathogen strains or even 
different pathogens. 
In previous studies, stable integration of Xa27 into rice under conditions in which it 
was expressed constitutively resulted in reduced tillering, delayed flowering, and stiff, 
early- senescing leaves; nonetheless, the expression of the gene indeed conferred resistance 
to several Xoo strains normally virulent on wildtype Xa27 lines, and partial resistance to a 
strain of Xoc (Gu et al., 2005; Tian & Yin, 2009). We therefore chose Xa27 to test the 
notion suggested by Römer et al. (2009a) that functional specificity of an executor gene 
could be broadened, without deleterious effects associated with constitutive expression, by 
making its promoter responsive to several distinct TAL effectors. 
We added to the Xa27 promoter EBEs corresponding to three additional TAL 
effectors each from the Xoo strain PXO99A, which harbors AvrXa27, and the Xoc strain 
BLS256, which does not. Stable integration of this construct into rice produced healthy 
lines exhibiting gene activation by each of the TAL effectors, and resistance to PXO99A, a 
PXO99A derivative lacking AvrXa27, and BLS256, as well as two other Xoo and 10 Xoc 
strains from a diverse collection virulent toward wildtype Xa27 plants. Our results establish 
the efficacy of executor gene promoter engineering for broader specificity. They also 
demonstrate that a rice gene for bacterial blight resistance can be readily modified to 
provide complete protection from bacterial leaf streak as well, a disease for which no major 
gene resistance in rice has been identified. 
 
Materials and Methods 
Modification of Xa27 
A 2.4 kb sequence including the Xa27 gene (AY986492.1) was PCR-amplified from 
rice cultivar IRBB27 (Gu et al., 2005) with primers P250 
(CACCTGCAGCTGAACCAAACAGTTTTA- GC) and P251 
(GGGCCCCACTTACTTATTTATTTATTTTTGCTGAC) using the Phire Hotstart 
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polymerase (Thermo Fisher Scientific, Waltham, MA, USA) and cloned into the Gateway 
entry vector pENTR ⁄ D-TOPO (Life Technologies, Grand Island, NY, USA). To modify the 
promoter, custom oligonucleotides (Integrated DNA Technologies, Coralville, IA, USA) were 
synthesized to generate double-stranded DNA fragments with appropriate overhangs that 
were then cloned into the unique SpeI site 100 bp upstream of the Xa27 coding sequence 
and 14 bp upstream of the AvrXa27 EBE. Oligonucleotides were designed such that EBEs 
are flanked by the weak consensus context of TAT at the 5’ end and CCC at the 3’ end 
(Moscou & Bogdanove, 2009) and such that EBEs for TAL effectors from Xoo alternate 
with those for TAL effectors from Xoc. The EBE and control constructs (Fig. 1) were 
transferred to the binary vector pTF101.1gw1 (Plant Transformation Facility, Iowa State 
University, http://www.agron.iastate.edu/ptf/), which carries the bar gene for resistance to 
the herbicide phosphinothricin, using the Gateway LR II Clonase enzyme kit (Life 
Technologies). 
 
Plant transformation and growth 
Rice (Oryza sativa L. cv Kitaake) was transformed by the Iowa State University 
Plant Transformation Facility using Agrobacterium tumefaciens gene transfer in callus 
tissue, as previously described (http://www.agron.iastate.edu/ptf/protocol/Rice.PDF). 
Herbicide-resistant lines were advanced to the T2 generation for characterization.  
Presence of the transgene was assessed using the Kapa3G Plant PCR Kit (Kapa 
Biosystems, Woburn, MA, USA) with primers P664 (GGCATTCTTCCTTTCTTCAGC) 
and P352 (GGAGGCAGCTTCTTGGGTGTCTCAG). Transgenic and IRBB27 rice 
plants were grown in a growth chamber under cycles of 12 h, 28°C : 12 h, 25°C; light : 
dark. Fertilizer for acid-loving plants (30-10-10; Earl May, Shenandoah, IA, USA) and 
iron chelate micronutrient (Becker Underwood, Ames, IA, USA) were applied by 
watering twice a week at rates of 0.185 and 0.595 g l-1, respectively. 
 
TAL effector clones 
Clones encoding PthXo1, PthXo6, Tal9a, AvrXa27, and AvrXa10 were 
provided by B. Yang (Iowa State University), and clones encoding Tal2g, Tal4a, Tal4c, 
and Tal1c were from C. Schmidt (our laboratory). The SphI fragment of each TAL effector 
gene, encoding its central repeat region, was transferred into a functionally equivalent tal1c 
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gene backbone (missing its own SphI fragment) in plasmid pCS466, a derivative of the 
pCR8 ⁄ GW ⁄ TOPO TA entry vector (Life Technologies, Grand Island, NY, USA). Each 
effector construct was then moved via the Gateway LR II Clonase enzyme kit  (Life 
Technologies, Grand Island, NY, USA) into pKEB31, a derivative of the broad host range 
plasmid pDD62 (Mudgett et al., 2000) in which the nptII gene is replaced by the tetR gene 
of pBR322. pKEB31 places the effector gene under the control of the lac promoter, which is 
constitutive in Xanthomonas. 
 
Isolation and transformation of Xag EB08 and cultivation of Xanthomonas strains 
Xanthomonas axonopodis pv. glycines (Xag)  strain EB08 was isolated from 
diseased soybean (Glycine max L. Merr.) leaves that had been stored at -20°C after being 
collected in Iowa in 2008. Leaf tissue was ground in sterile water; an aliquot of supernatant 
was cultured on glucose yeast extract (GYE) agar amended with 150 µg ml-
1cyclohexamide, and a yellow, mucoid colony was isolated. The isolate was confirmed as 
the causal agent of bacterial pustule of soybean by reinoculation to healthy soybean plants. 
Xag EB08 was transformed by electroporation as previously described (Tsuge et al., 2001) 
and cultured on GYE agar amended with 10 µg ml-1 tetracycline for plasmid selection. X. 
oryzae strains were cultured on GYE. 
 
Plant inoculations, virulence assays, and qPCR 
Fresh (24–48 h) bacterial cultures were scraped from GYE plates and suspended in 
10 mM MgCl2 to an optical density at 600 nm (OD600)  = 0.5 as inoculum for virulence 
assays, and OD600 = 0.9 as inoculum for quantitative real-time reverse-transcriptase PCR 
(qPCR) assays. For Xoc virulence assays, 6-wk old plants were inoculated by infiltration of 
leaves with inoculum using a needleless syringe (Schaad et al., 1996), and the length of 
water-soaked lesions was measured at 10 d. For Xoo, leaf tips of 6-wk-old plants were 
clipped with scissors dipped in bacterial suspension (Kauffman et al., 1973), and the length 
of leaf curl was measured at 14 d. For qPCR, bacteria were inoculated with a needleless 
syringe into the youngest, fully expanded leaf on 4-wk-old plants. Inoculated tissue was 
flash-frozen after 48 h, and total RNA was extracted with the RNeasy Mini Plant Kit 
(Qiagen, Hilden, Germany). qPCR was performed on an iCycler Thermo Cycler (Bio-Rad, 
Hercules, CA, USA) with 100 ng total RNA as template for cDNA synthesis and PCR 
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amplification using the iScript One-Step RT-PCR kit with SYBR Green (Bio-Rad). Gene-
specific primers P772 (CCGTCATCCTCAT GCACATGCTCACCAC) and P771 
(CACGGAGGAGAACTAGAGAGACCAGAGAC) were used for amplification of Xa27 
cDNA, and P787 (CCGGTGGATCTTCATGCTTACCTGG) and P788 
(CGACGAGTCTTCTGGCGAAACTGC) were used for amplification of Actin-6 
(EU215044) cDNA for normalization. A minimum of three independent biological 
replicates, each with three qPCR technical replicates, were tested for each treatment. The 
2-∆∆Ct method (Livak & Schmittgen, 2001) was used to quantify expression of Xa27 
transcript for each treatment relative to mock-inoculated tissue. 
 
5’ RACE 
cDNA for 5’-RACE was produced from 1 µg total RNA with the SMARTer 
RACE cDNA amplification kit (Takara Bio, Inc., Otsu, Shiga, Japan) using the 
manufacturer’s protocol, from the same samples prepared for qPCR. Xa27 mRNA was 
amplified with the Universal forward primer (Takara Bio, Inc., Otsu, Shiga, Japan) and 
P771. For sequencing, PCR products were cloned using the pCR8 ⁄ GW ⁄ TOPO TA entry 
vector system (Life Technologies, Grand Island, NY, USA). 
 
Analysis of EBE sequence representation in rice promoters 
Rice promoters (defined as the sequences from 400 to 50 bases upstream of all 
translational start sites) were extracted from the MSU Rice Genome Annotation Project 
database (http://rice.plantbiology.msu.edu/), version 6.1, and concatenated into a single 
‘promoterome’. The promoterome was then randomized 5000 times. Next, all six-
nucleotide sequences of each EBE were extracted using a sliding window. For each six-
nucleotide sequence, the numbers of exact matches in the promoterome and in the 5000 
randomized promoteromes were determined. To test if each six-nucleotide sequence 
occurred at higher- or lower-than-expected frequencies in the actual promoterome, P-values 
were estimated by dividing by 5000 the number of randomized promoteromes that 
contained more (or fewer) exact matches. To determine whether the observed numbers of 
six-nucleotide sequences that occurred at lower- or higher-than-expected frequencies were 
significant, the EBEs were randomized 100 times and the analysis was repeated for each 
randomization. P-values were estimated by dividing by 100 the number of EBE 
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randomizations with more six-nucleotide sequences showing higher- or lower-than-
expected frequencies than those from the real EBEs. 
 
Results 
Stable integration of EBE-amended Xa27 constructs into rice 
We amplified Xa27 from rice variety IRBB27 (Gu et al., 2005) and amended its 
promoter with EBEs from target genes of three TAL effectors important for virulence of 
the Xoo strain PXO99A and EBEs found in rice for three TAL effectors of the Xoc strain 
BLS256, whose roles in virulence are as yet uncharacterized (Table S1). These include 
EBEs from rice genes 8N3/Xa13 (Os08g42350), TFX1 (Os09g29820), and Hen1 
(Os07g06970) that correspond to virulence factors PthXo1, PthXo6, and Tal9a, 
respectively, from PXO99A (Yang et al., 2006; Sugio et al., 2007; Salzberg et al., 2008; 
Römer et al., 2010; B. Yang, unpublished), and EBEs from rice genes Os03g37840 (a 
putative potassium transporter), Os06g37080 (a putative L-ascorbate oxidase precursor) 
and Os05g34600 (a putative NAC (which stands for NAM (no apical meristem), ATAF, 
CUC (cup-shaped cotyledon)) transcription factor), predicted to be bound by TAL effectors 
Tal4a, Tal4c and Tal2g, respectively, of BLS256 (Moscou &  Bogdanove, 2009; 
Bogdanove et al., 2011; E. L. Doyle & A. J. Bogdanove, unpublished). The TAL effectors 
are reciprocally unique to each strain. The EBEs were inserted upstream of the native 
AvrXa27 binding site. To maximize space for simultaneous binding of multiple effectors 
from the same pathogen while keeping the length of the overall modification short, sites for 
Xoo were alternated with those for Xoc and further separated by 6 bp (Fig. 1 and 
Supporting Information, Fig. S1). The nopaline synthase terminator was placed upstream 
of the Xa27 promoter to prevent read-through expression of the transgene should it insert 
downstream of an active endogenous promoter. This construct, containing all six EBEs, 
was designated as UXO (up-regulated by X. oryzae). Three other constructs were also made 
(Figs 1, S1). In the first, termed RAN (for randomized EBEs), sequences of all six EBEs 
were internally randomized, thereby maintaining the nucleotide composition and length of 
the UXO construct, but destroying the binding sites. In the second, termed XOO, the Xoo 
EBEs were kept intact but the Xoc EBEs were randomized as in the RAN construct. In the 
third, called XOC, the inverse was done to retain only the Xoc EBEs. The native AvrXa27 
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EBE was unchanged in all except the XOC construct, where, in order to generate strictly 
Xoc-specific resistance, it was converted to the corresponding sequence of the 
nonfunctional xa27 allele, which is not activated by AvrXa27 (Gu et al., 2005). None of 
the constructs contains any sequence that would be predicted to bind a PXO99A or BLS256 
TAL effector other than those for which the constructs were designed. 
All four constructs were stably integrated into the readily transformed, short-season 
japonica rice cv. Kitaake. The xa27 allele in this variety is nonfunctional and identical in 
sequence to that (Os06g39810) in the reference japonica genome, Nipponbare. All recovered 
events were advanced for characterization. Of three lines from independent transformation 
events with the UXO construct that were advanced to the T2 generation,  
 
 
 
Figure 1. Engineered Xa27 constructs used in this study.  A 2.4 kb region from rice variety IRBB27, 
including the Xa27 gene, its promoter and 3’ untranslated region (UTR) sequences (drawn to scale), was 
modified by inserting new sequences at an SpeI restriction enzyme site at position -100 relative to the 
coding sequence (CDS), 14 nucleotides upstream of the native AvrXa27 effector binding element (EBE). 
In the UXO (up-regulated by Xanthomonas oryzae) construct, EBEs corresponding to transcription 
activator- like (TAL) effectors Tal4c, Tal2g, and Tal4a from Xanthomonas oryzae pv. oryzicola (Xoc) 
strain BLS256 alternate with EBEs corresponding to TAL effectors PthXo1, PthXo6, and Tal9a from 
Xanthomonas oryzae pv. oryzae (Xoo) strain PXO99A. In the XOC construct, the EBEs for the three Xoo 
TAL effectors are substituted with internally randomized sequences. The inverse is true of the XOO 
construct. In the RAN construct, all six EBE sequences are substituted with the internally randomized 
ones. The native AvrXa27 EBE (shown at bottom) is maintained in all constructs except XOC, in which 
the corresponding, nonfunctional sequence from the xa27 allele was substituted (differences are indicated 
above the EBE; ‘-’ indicates a deletion). The putative TATA box upstream of the AvrXa27 EBE is 
italicized. In all constructs, the nopaline synthase terminator (NOS-T) was included upstream of the Xa27 
promoter to prevent read-through transcription by any neighboring promoter at the point of insertion into 
the genome. 
 
lines 1 and 3 were found by PCR amplification to contain the UXO construct, and were 
analyzed further. Similarly, two independent lines for each of the RAN and XOC constructs 
were confirmed by PCR and characterized. Only a single line with the XOO construct 
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survived to the T2 generation, and this was also characterized. Finally, two events resulting 
from transformation with the wild type Xa27 gene were advanced to the T2 generation. 
One, termed HRB, was found to contain the herbicide resistance cassette but not the 
modified Xa27 gene. In the second, called AZY, neither the herbicide resistance cassette 
nor the Xa27 gene could be detected at T2. These two lines were retained as controls. 
Plants from all lines advanced to T2 were morphologically and developmentally 
indistinguishable from untransformed plants with the exception of the XOC lines, which were 
slightly reduced in stature. In leaves of the UXO and XOO lines, basal levels of expression of Xa27 
were similar to that in IRBB27. In the RAN lines and the one tested XOC line, basal 
expression was moderately elevated relative to that in IRBB27 (Table S2). 
 
EBE-amended Xa27 is activated by Xoo and Xoc independent of AvrXa27 
 
To examine responsiveness of the UXO construct to the corresponding TAL 
effectors, we first analyzed the relative fold-change in Xa27 mRNA 48 h after syringe 
inoculation of T2 leaves with Xoo PXO99A, the avrXa27-deficient mutant derivative ME1 
(Gu et al., 2005), Xoc BLS256, and T3SS-deficient mutants  of PXO99A and BLS256. 
qPCR revealed significant (P < 0.05) up-regulation of the transgene in the UXO-1 and UXO-
3 lines when inoculated with PXO99A, ME1, or BLS256 relative to mock-inoculated tissue, 
but not when inoculated with either of the T3SS mutants (Fig. 2). By contrast, the gene in the 
RAN-1 and RAN-2 lines was not significantly up-regulated by any of the bacterial strains, 
unexpectedly including PXO99A, in spite of the AvrXa27 EBE present in the RAN construct. 
Inoculation of PXO99A to the nontransgenic variety IRBB27, which carries the wildtype 
Xa27 gene, resulted in the expected activation, indicating that the failure of the RAN lines to 
respond was not the result of a defect in the PXO99A isolate. 
 
EBE-amended Xa27 is specifically activated by each TAL effector 
 
To assess the function of each EBE in the UXO construct, we measured the fold-
change in Xa27 mRNA in leaves of T2 plants of the UXO-3 line 48 h after syringe 
infiltration with transformants of strain EB08 of the soybean pathogen Xag expressing each 
of the corresponding effectors individually. This strain on its own produces no visible 
response in rice. Xa27 in the UXO-3 plants was significantly (P < 0.05) up-regulated by all 
seven TAL effectors, that is (in the order of their EBEs) Tal4c, PthXo1, Tal2g, PthXo6, 
Tal4a, Tal9a, and AvrXa27, when compared with mock-inoculated tissue (Fig. 3). The Xoo 
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TAL effector AvrXa10 (Hopkins et al., 1992), and the Xoc TAL effector Tal1c (Bogdanove 
et al., 2011), for which UXO-3 contains no EBEs, as well as Tal1c lacking its central repeat 
region, caused no significant up- regulation (Fig. 3). Fold induction by the six targeted TAL 
effectors (Fig. 3) positively correlated with proximity of the corresponding EBE to an 
 
 
Figure 2. Type III secretion system (T3SS)-dependent and AvrXa27-independent activation 
of  effector binding element (EBE)-amended Xa27 by Xanthomonas oryzae pv. oryzae (Xoo) 
PXO99A and Xanthomonas oryzae pv. oryzicola (Xoc) BLS256. Vertical bars represent fold-
change in abundance of Xa27 mRNA in the UXO and RAN lines and in IRBB27 at 48 h after 
inoculation with the indicated bacterial strains, relative to mock-inoculated plants, measured by 
quantitative real-time reverse-transcriptase PCR (qPCR). Each is the average of three technical 
replicates of at least three biological replicates. Capped vertical lines show standard error. Asterisks 
indicate values significantly > 1.0 (dashed line) as determined by two-tailed, heteroscedastic t-tests. 
Relative fold-change was calculated by the 2-∆∆Ct  method. ME1 is an avrXa27-deficient PXO99A 
derivative. 
 
apparent TATA box immediately upstream of the native AvrXa27 EBE (Fig. 1; Spearman’s 
rank correlation coefficient = 0.8857, P < 0.01). The same pattern of induction of Xa27 by 
the individual TAL effectors was observed in the UXO-1 line (Fig. S2). 
 
All six EBEs drive transcription of Xa27 primarily from a shared start site 
 
Previous studies reported start sites for TAL effector-induced transcription at 
positions distinct from the start site for basal level expression; these were generally located 
42–54 nucleotides downstream of the 3’ end of the EBE (Kay et al., 2007, 2009; Römer et 
al., 2009a; Römer et al., 2009b; Antony et al., 2010). To determine whether the position of 
the EBE for each TAL effector activating the UXO construct similarly defines the 
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transcriptional start site (TSS), 5’ rapid amplification of cDNA ends (5’-RACE) was 
conducted on RNA collected for the UXO-3 gene expression assays described earlier 
(Fig. 4).  Based on the 12–29 transcript sequences obtained per sample, despite the distinct 
positions of their corresponding EBEs, PthXo1, PthXo6, Tal9a, Tal4a, Tal4c, and Tal2g 
each initiated transcription primarily at a shared site, identical to that of the majority of 
 
 
Figure 3. Specific activation of Xa27 in the UXO construct by each of the corresponding 
transcription activator-like (TAL) effectors individually.  Vertical bars represent relative 
abundance of Xa27 mRNA, measured by quantitative real-time reverse-transcriptase PCR (qPCR), 
in the UXO-3 line and in IRBB27 48 h after inoculation with Xanthomonas axonopodis pv. 
glycines EB08 expressing one of the seven corresponding Xanthomonas oryzae pv. oryzae (Xoo) 
or Xanthomonas oryzae pv. oryzicola (Xoc) TAL effectors, or as controls for specificity, the Xoo 
TAL effector AvrXa10, the Xoc TAL effector Tal1c, or Tal1c lacking its central repeat region 
(∆CRR), as indicated, relative to mock-inoculated plants. Each is the average of three technical 
replicates of at least three biological replicates. Capped vertical lines show the standard error. 
Asterisks indicate values significantly > 1.0 (dashed line) as determined by two-tailed, 
heteroscedastic t-tests. Relative fold-change was calculated by the 2-∆∆Ct method. Values for the 
seven corresponding effectors are shown in the order of their effector binding elements (EBEs) in 
UXO (left to right, 5’ to 3’). 
 
 
transcript sequences obtained from basal expression in the mock and AvrXa10-treated 
negative controls. The site, 60 bp upstream of the start codon of the Xa27 coding sequence, 
resides 27 bp downstream of the native, putative TATA box that immediately precedes the 
AvrXa27 EBE, which positions it only 10 bp downstream of the 3’ end of that EBE. 
Consistent with the observations to date that TAL effector-driven transcription initiates a 
minimum of 42 bp from the 3’ end of an EBE, none of the AvrXa27- generated transcripts 
initiated at that common site. Rather, they initiated further downstream, nearly all of them at 
a distance of 46 bp from the 3’ end of the AvrXa27 EBE, 24 bp upstream of the Xa27 start 
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codon. Xoo PXO99A- and Xoc BLS256-inoculated plants each exhibited a greater diversity 
of TSSs than was generated by any of the individually delivered effectors, including some 
TSSs not observed following individual TAL effector delivery. Conversely, however, some 
sites that were observed upon delivery of the TAL effectors individually were not detected 
following inoculation with the pathogen strains. The most common TSS in PXO99A-
inoculated plants was the shared site at 60 bp upstream of the Xa27 start codon. This was 
the second most common for BLS256-inoculated plants, the first being a unique site 
upstream, at -149 relative to the Xa27 coding sequence. Other apparent TSS locations for 
PXO99A- and BLS256-inoculated plants ranged as far upstream as -165 relative to the Xa27 
translational start, with no discernible correlation to EBE positions. 
 
EBE-amended Xa27 confers resistance to a broader spectrum of Xoo strains and to 
all tested Xoc strains 
To assess the effectiveness of adding EBEs to Xa27 to broaden its functional 
specificity, we first carried out quantitative virulence assays of ME1 and BLS256 in T2 
plants of the UXO, XOO, XOC, and RAN lines, as well as the HRB and AZY controls and 
IRBB27 (Fig. 5a,b). The extent of bacterial blight symptoms (length of leaf curling) 
following leaf clip inoculation (Kauffman et al., 1973) with ME1 was significantly (P < 
0.01) and markedly reduced specifically in the UXO lines and the XOO line relative to the 
RAN, XOC, and HRB lines, and IRBB27. The single AZY line, for unknown reasons, 
showed an intermediate mean leaf curl length. Bacterial leaf streak lesions in the UXO and 
XOC lines following syringe inoculation (Schaad et al., 1996) with BLS256 were 
significantly (P < 0.01) and markedly reduced relative to all other lines. The patterns of 
resistance and susceptibility to ME1 and BLS256 in the EBE-amended and control lines 
correlate strictly with the patterns of Xa27 activation described earlier (Fig. 2), and 
demonstrate that the amendment resulted in a specific broadening of the resistance spectrum 
of Xa27 to include both bacterial blight and bacterial leaf streak. The distribution of the TAL 
effectors corresponding to the six EBEs in the UXO construct and of AvrXa27 in field 
populations of Xoo and Xoc is not yet known.  
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Figure 4. Xa27 transcriptional start sites observed in the UXO-3 plants in response to 
individual transcription activator-like (TAL) effectors, Xanthomonas oryzae pv. oryzae 
(Xoo) PXO99A, BLS256, or a mock inoculation.  Sequences obtained by 5’-RACE are 
represented by horizontal bars for each treatment, drawn to scale relative to the UXO construct, 
depicted below. The thickness of each bar reflects the relative frequency at which that sequence 
was obtained. The total number of sequences obtained for each treatment is given on the right. 
The numbers 1–4 indicate the four most common transcript initiation sites, mapped on the UXO 
promoter sequence at the bottom. 
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Nonetheless, we sought to determine the effectiveness of the UXO construct against 
geographically diverse strains of both pathovars. Seven Xoo strains reported to be virulent 
 (1947 from Africa, C4 and ZHE173 from China, K202 from Korea, and 2 from Thailand) or 
weakly virulent (JW89011 from Korea and PXO71 from the Philippines) on IRBB27 (Gu et 
al., 2004) were inoculated to UXO-1 and, for comparison, to RAN-1 by clip inoculation (Fig. 
5c). C4 and ZHE173 caused significantly (P < 0.05) and markedly reduced leaf curl lengths  
 
Figure 5. Bacterial blight and bacterial leaf streak resistance in the effector binding element 
(EBE)- amended Xa27 transgenic plants. (a) Length of leaf curl 14 d after leaf clip inoculation 
of T2 plants of the indicated lines with Xanthomonas oryzae pv. oryzae (Xoo) ME1, which lacks 
avrXa27. Different letters indicate a statistically significant difference between values (P < 0.01; 
UXO-3 and AZY values are different at P < 0.05). (b) Lesion lengths 10 d after syringe inoculation 
with Xanthomonas oryzae pv. oryzicola (Xoc) BLS256. Statistically significant differences (P < 
0.01) are indicated as in (a). (c) Extent of leaf curl on T2 plants of UXO-1 or RAN-1 14 d following 
inoculation with Xoo strains isolated from several locations, as indicated (Phils., Philippines; 
Thai., Thailand). An asterisk indicates significantly reduced length of leaf curling (P < 0.05) 
relative to that observed on the RAN line. (d) Lesion length 10 d after inoculation with Xoc strains 
isolated from several locations, as indicated (Malay., Malaysia; Chi., China; Ind., India). Each 
strain produced significantly shorter lesions (P < 0.01) on UXO-1 than on RAN-1. Two-tailed, 
heteroscedastic t- tests were used to determine significance. Experiments were repeated at least 
twice with similar results. Error bars represent SD. 
 
on UXO-1 relative to RAN-1. JW89011 caused significantly (P < 0.05) but less dramatically 
reduced leaf curl lengths on UXO-1. The remaining Xoo strains were not significantly less 
virulent on UXO-1 than on RAN-1. Ten geographically diverse strains of Xoc, each virulent 
toward wildtype Xa27 plants (data not shown), were inoculated to UXO-1 and RAN-1 by 
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syringe infiltration. The strains differed in their virulence on RAN-1, but each showed 
significantly (P < 0.01) and markedly reduced relative virulence on UXO-1 (Fig. 5d). Thus, 
EBE amendment to the Xa27 promoter broadened its functional specificity to include a 
diversity of Xoo and Xoc strains. 
 
The UXO EBEs contain sequences apparently under selection in rice promoters 
To assess whether the EBEs added to the Xa27 promoter in the UXO construct 
might contain cis regulatory elements, a condition that could prevent TAL effector-
mediated activation or cause TAL effector-independent activation under certain 
environmental conditions or during development, we examined representation of the EBEs 
in the rice ‘promoterome’, the collection of sequences from 400 to 50 bases upstream of all 
annotated translational start sites. We chose this sequence space based on the observation 
that the EBEs in the UXO construct in their natural contexts occur from positions -362 
(Tal4a) to -86 (AvrXa27) relative to the translational start site. We reasoned that any 
portions of EBE sequences corresponding to cis elements in the promoterome would be 
under selection and therefore occur at nonrandom frequencies. For every possible six-
nucleotide fragment of each EBE in the UXO construct, we determined the number of 
instances of that sequence in the promoterome and in each of 5000 randomized 
promoteromes. Of the 97 six-nucleotide sequences contained in the EBEs, 40 occurred in 
the promoterome at lower frequencies than expected based on observed frequencies in the 
randomized promoteromes, and 54 occurred at higher-than-expected frequencies (P < 0.05, 
Fig. 6). To distinguish whether the large number of six-nucleotide sequences with 
nonrandom frequencies was a function of the EBE sequences or instead an artifact of the 
EBE nucleotide composition, we con- ducted the same test with six-nucleotide sequences 
from each of 100 different internal randomizations of the EBEs. Based on the numbers of 
six-nucleotide sequences derived from these randomizations that occurred at higher- or 
lower-than-expected frequencies in the promoterome, we determined that the number of 
six-nucleotide sequences from the actual EBEs that occurred nonrandomly in the 
promoterome was significantly higher than expected to occur by chance (P < 0.01), 
meaning that those frequencies are indeed a function of the EBE sequences, and suggesting 
selection. Taken together, the data indicate a strong likelihood that the six EBEs added to 
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the UXO gene configuration contain or overlap sequences likely to be cis regulatory 
elements. 
 
 
Figure 6. Effector binding element (EBE) sequence representation in rice promoters.  (a) 
Representation of the 97 sequences obtained from moving a six-nucleotide (nt) window through 
each EBE in the UXO construct. The number of occurrences of each sequence across all annotated 
rice gene promoters (from 400 to 50 bp upstream of the coding sequences) was determined. The 
numbers of sequences occurring at lower-than-expected (P < 0.05), expected, or higher-than-
expected (P < 0.05) frequency relative to the distribution of frequencies found in 5000 sequence- 
randomized iterations of the promoter set are shown. (b–d) Examples of six-nt EBE sequences that 
are represented at a lower-than- expected frequency (b), the expected frequency (c), or a higher-
than-expected frequency (dashed lines) (d) relative to the distribution of their frequencies in the 
randomized set (gray bars). 
 
 
Discussion 
A resistance gene that recognizes an effector that otherwise contributes strongly to 
virulence can be relatively durable due to the fitness cost to the pathogen of losing or 
modifying that effector to evade detection (Leach et al., 2001). A striking example is 
bacterial blight resistance mediated by the rice Xa7 gene, which is triggered by AvrXa7, a 
major virulence factor in Xoo (Hopkins et al., 1992; Bai et al., 2000; Vera Cruz et al., 2000; 
Ponciano et al., 2003). However, a mutation that uncouples the virulence and avirulence 
(resistance-triggering) properties of an effector could result in defeat of the resistance gene. 
Also, because most resistance genes exhibit pathogen race specificity linked to recognition 
of a single effector, evolution or introduction of pathogen strains that use alternative 
effectors for virulence can render a resistance gene ineffective. Against pathogens that rely 
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on TAL effectors for virulence, an executor gene engineered to respond to multiple TAL 
effectors important for virulence and conserved across a pathogen population could provide 
durable and broad-spectrum protection. 
Here, we established the feasibility of such an approach by adding EBEs to the 
promoter of the Xa27 gene for resistance to rice bacterial blight and demonstrating 
consequent broadening of its functional specificity to include Xoo strains virulent toward 
wild type Xa27-containing plants as well as strains of the bacterial leaf streak pathogen 
Xoc, for which no simply inherited resistance genes had been identified in rice. Without 
altering the coding sequence and by adding less than 200 bp of recombinant DNA to the 
gene promoter, EBE amendment resulted in a single gene with an effective recognition 
spectrum similar to that achieved by the arduous and time-consuming process of 
pyramiding multiple resistance genes. Our selection of EBEs was based on available data 
from one strain each of Xoo and Xoc. Systematic studies to catalog the diversity of TAL 
effectors in Xanthomonas field populations should enable the rational modification of 
executor genes to provide broad and durable resistance on a geographically specific basis. 
Importantly, each of the targeted TAL effectors individually activated the transgene 
in the UXO construct. Also, the observed patterns of resistance and susceptibility to Xoo 
ME1 and Xoc BLS256 across all transgenic lines were as expected based on the 
corresponding EBE and TAL effector content in each interaction, and they correlated 
directly with the patterns of Xa27 activation. We used ME1 in addition to PXO99A for the 
gene expression assays and in place of PXO99A for the virulence assays to distinguish 
resistance due to the EBEs added to Xa27 from resistance mediated by the native AvrXa27 
EBE. It should be noted that in addition to its deficiency in avrXa27, ME1 is also disrupted 
in pthXo6, which neighbors avrXa27; though AvrXa27 makes no measurable contribution 
to virulence, pthXo6 does (Sugio et al., 2007). The virulence reduction due to the disruption 
of pthXo6 in ME1 is slight, however, and did not mask the resistance conferred by the EBE-
amended Xa27 constructs. The disruption of pthXo6 in ME1 did, though, limit the effectors 
in that strain expected to interact with EBEs in the UXO promoter to PthXo1 and Tal9a. 
Together, the results strongly suggest that activation of the transgene by the wildtype Xoo 
and Xoc strains is mediated by at least one and possibly each of the corresponding TAL 
effectors in those strains.  
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Each of the TAL effectors we chose from PXO99A plays a role in virulence. None 
of the ones we chose from BLS256 has been characterized with respect to virulence, but 
each has a well- matched EBE in a putative target gene promoter in rice. The set of EBEs 
matching these effectors expanded the resistance spectrum of Xa27 to include not only the 
PXO99A mutant lacking AvrXa27, and BLS256, but two of seven additional, 
geographically diverse Xoo strains and each of ten additional, diverse Xoc strains tested. 
The wide resistance spectrum conferred by these EBEs against the Xoc strains and the 
narrower spectrum against Xoo strains suggests conservation of one or more of the BLS256 
TAL effectors in the Xoc strains, and poor conservation of the PXO99A effectors in that 
group. This may reflect greater overall TAL effector diversity among Xoo strains, 
potentially due to diversifying selection exerted by the nearly 30 known bacterial blight 
resistance genes in rice (Niño-Liu et al., 2006). As noted, no simply inherited genes for 
bacterial leaf streak resistance have been identified in rice [the only  identified source of 
complete resistance is the Rxo1 gene from maize (Zhao et al., 2005)], and this might 
explain the apparently lesser TAL effector diversity across Xoc strains. To conclude with 
confidence whether a difference in TAL effector diversity truly exists between Xoo and 
Xoc, however, a more comprehensive and direct inventory across a broad collection of 
strains would be necessary. 
In light of the absence of major, native genes for resistance to bacterial leaf streak in 
rice, it is particularly promising that Xa27 was fully effective against Xoc. The only 
executor gene in  rice cloned to date, Xa27 encodes a 113 amino acid product that has no 
similarity to functionally characterized proteins, but contains an amino-terminal signal-
anchor-like sequence that mediates export to the apoplast and is required for bacterial blight 
resistance (Wu et al., 2008). Xoo colonizes rice xylem vessels, interacting with cells in the 
surrounding xylem parenchyma to cause bacterial blight. Xoc multiplies in the mesophyll 
parenchyma. The mechanism by which Xa27 confers resistance to bacterial blight is 
unknown. Its activation causes cell death, but it is yet unclear whether the death is 
programmed or due to toxicity of the Xa27 protein. Its effectiveness against bacterial leaf 
streak, demonstrated here, indicates that the mechanism is general and not restricted to cells 
in the xylem parenchyma. 
As noted earlier, weak constitutive expression of Xa27, though deleterious to the 
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plant, conferred partial resistance to Xoc strain L8 (Tian & Yin, 2009). The complete 
resistance we observed is likely due to stronger, localized expression in response to one or 
more of the targeted TAL effectors delivered by Xoc. Fold induction of Xa27 in the UXO 
construct by each of the targeted Xoo and Xoc TAL effectors individually correlated 
positively with proximity of the EBE to a putative TATA box downstream and to the 
common start site of transcription. Although differences in expression, delivery, or affinity 
of the TAL effectors may have contributed to this pattern, the strength and significance of 
the correlation of EBE position to fold induction suggest that there may be a limit to the 
number of EBEs that can be effectively added to a promoter, as those farthest upstream 
might drive expression only weakly or not at all. We also observed, unexpectedly, that 
PXO99A failed to activate Xa27 in the RAN lines, despite its ability to do so in IRBB27. 
The RAN construct maintains the native AvrXa27 EBE, differing from the UXO construct 
only in its internal randomization of the added EBEs. Thus, the randomized  sequences in 
some way prevent activation by AvrXa27, or less likely, in both lines activation is blocked 
due to the positions at which the construct integrated. Though the TAL effector-DNA 
binding code enables prediction of TAL effector binding sites with relative confidence, the 
above observations highlight the fact that we still know little of the contextual requirements 
for functional EBEs, both with respect to promoter sequences as well as chromosomal 
location and chromatin status. Until more is known, successful placement of EBEs in a 
promoter may require some trial and error. 
Another complexity in EBE-amendment is the possibility of interaction among 
different TAL effectors binding to the same promoter. We sought to minimize this by 
spacing EBEs six bp apart and alternating those for Xoo with those for Xoc. Nonetheless, 
our 5’ RACE results comparing TSSs detected following individual TAL effector delivery 
to those detected following inoculation with the corresponding Xoo or Xoc strain provided 
evidence for such interaction. Some TSSs detected following inoculation with the pathogen 
strain were not detected on delivery of any of the corresponding individual effectors and, to 
a lesser extent, vice-versa. Thus, although the collection of transcript sequences may not 
have been saturating, the data suggest that both cooperative interaction to generate novel 
TSSs as well as interference that blocks initiation from some sites take place. 
Previous analyses showed TAL effector-initiated transcription to occur between 42 
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and 54 nucleotides downstream of the 3’ end of the EBE, even when the EBE was moved 
out of context (Kay et al., 2007; Römer et al., 2007; Kay et al., 2009; Römer et al., 2009; 
Römer et al., 2009; Antony et al., 2010). Our results differ. Most transcripts driven by each 
of the six non- native TAL effector-EBE interactions on the Xa27 promoter in the UXO 
construct initiated at a site shared by all interactions, rather than at sites corresponding to 
the relative positions of the EBEs. Because this was the same site of transcript initiation 
observed in mock-inoculated leaves and leaves treated with the non-targeted negative 
control AvrXa10, it appears that in some configurations, and perhaps depending on the 
EBE, TAL effector induced transcript initiation can default to the primary site used for 
basal expression. The location of the common TSS at 27 bp downstream of a putative 
TATA box suggests that presence of such an element might influence the location of TAL 
effector-driven transcript initiation. Some of the TAL effectors reported to dictate the TSS 
display a TATA box-like sequence within their EBE, which might explain that ability, but 
not all of them do. Indeed, the AvrXa27 EBE contains no TATA-like sequence, yet drives 
transcription from a site downstream of the common TSS, perhaps because it is too close to 
that TSS. In all, it appears that the site of TAL effector driven transcript initiation is 
influenced by position of the EBE and by other promoter features in a yet poorly 
understood way. 
We discovered that the EBEs we chose for the UXO construct contain sequences 
apparently under selection in rice promoters, suggesting coincidence with endogenous 
regulatory elements. These might include elements for gene activation in response to a 
particular environmental or developmental cue. Introduction of an EBE with such an 
element into the promoter of an executor gene could lead to TAL effector-independent cell 
death on that cue, with potentially disastrous consequences. We examined sequences from 
only six EBEs, so our findings may not be generalizable. However, TAL effectors might be 
expected typically to target endogenous regulatory elements in the host genome, by chance 
due to their localization in promoters, but also because such regulatory elements would 
likely be relatively immutable, and thereby confer selective advantage on any 
corresponding TAL effector. 
Though the lines included in this study were healthy and fertile under controlled 
growth conditions, we encountered difficulty retrieving viable, stably transformed lines for 
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some constructs we made. In addition to the UXO construct, in which the EBEs are exactly 
those found in the rice genome and contain some nucleotides that do not match the RVD at 
that position in the corresponding TAL effector, we also made a construct containing 
analogous, perfectly matched EBEs. Plants with this construct were unhealthy, and no lines 
survived to T2. Also, we were unable to obtain plants transformed with wildtype Xa27. The 
latter observation, consistent with previous findings (Wu et al., 2008), suggests that the 
unmodified Xa27 promoter can drive expression of the executor gene and consequent cell 
death when outside of its native genomic context. Similarly, even with the terminator 
upstream, transformation events using the XOO construct only yielded one healthy line. 
Thus, in addition to the possibility that EBEs added to a promoter may contain regulatory 
elements that could drive TAL effector independent- independent activation, synthetic 
sequences, sequences out of context, and position effects might also be problematic. 
In sum, though the results presented here establish the effectiveness of EBE 
amendment to expand the spectrum of pathogen genotypes against which an executor gene 
functions, multiple alternative constructs may be necessary to obtain effective, stable 
transformants, and all lines should undergo testing under a variety of growth conditions and 
field environments prior to distribution or commercialization. Analysis of the 
representation of EBE sequences in the host promoterome might be a useful preliminary to 
selection of EBEs, in order to exclude those that contain sequences apparently under 
selection. Although beyond the scope of the work we have presented here, it might also be 
useful to determine whether any sequences that are over- or under-represented are found in 
promoters of genes of a particular functional class, in order to better predict conditions or 
processes in which the sequence might act as a regulatory element. Taking advantage of the 
degeneracy in the TAL effector-DNA binding code to generate non- native EBE sequences 
may enable the rational design of a promoter recognized by a desired suite of TAL 
effectors without the inclusion of endogenous cis elements. Finally, making the promoter 
modifications in situ using engineered nucleases such as TALENs (Bogdanove & Voytas, 
2011) may help guard against position effects on expression. 
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XOO, and RAN constructs, is available in the online version of the article. 
 
 
Figure S2. Specific activation of Xa27 in UXO-1 plants by each of the corresponding TAL 
effectors individually. Vertical bars represent relative abundance of Xa27 mRNA, measured by 
qPCR, 48 hours after inoculation with Xag EB08 expressing one of the seven corresponding Xoo or 
Xoc TAL effectors, or as controls for specificity, the Xoo TAL effector AvrXa10 or the Xoc TAL 
effector Tal1c, as indicated, relative to mock inoculated plants. Each is the average of three 
technical replicates of at least three biological replicates. Capped vertical lines show standard error. 
Asterisks indicate values significantly greater than 1.0 as determined by two-tailed, heteroscedastic 
t-tests. Relative fold-change was calculated by the 2-∆∆Ct method. Values for the seven 
corresponding effectors are shown in the order of their EBEs in UXO (left to right, 5’ to 3’).
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Table S2. Relative abundance of Xa27 mRNA in mock-inoculated transgenic lines 
compared to IRBB7. 
 
Line Fold difference1 P value2 
UXO-1 1.14 0.43 
UXO-3 1.28 0.00 
XOO 1.11 0.19 
RAN-1 6.01 0.01 
RAN-2 3.51 0.03 
XOC-2 7.79 0.04 
1 RNA was sampled at 48 hours after mock inoculation and Xa27 mRNA levels assessed by qPCR. Each 
value is the average of three technical replicates of at least three biological replicates and was 
calculated by the 2-∆∆Ct method. 
2 P values were determined by two-tailed, heteroscedastic t-tests. 
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CHAPTER 4 
A TRANSCRIPTION ACTIVATOR-LIKE EFFECTOR FROM XANTHOMONAS 
ORYZAE PV. ORYZICOLA ELICITS DOSE-DEPENDENT RESISTANCE IN 
RICE THAT REQUIRES EFFECTOR-SPECIFIC GENE ACTIVATION 
 
A paper to be submitted to Molecular Plant Pathology 
 
Aaron W. Hummel1, Katie Wilkins2, Li Wang2, Raúl A. Cernadas2 and Adam J. Bogdanove2,* 
Summary 
Xanthomonas bacteria cause substantial damage to agricultural yields worldwide. 
During infection of their plant hosts, many species secrete Transcription Activator-like 
(TAL) effectors, which promote disease by entering the host cell nucleus and activating 
expression of susceptibility genes at effector binding elements (EBEs) in the promoter. 
Executor resistance (R) genes, which also harbor EBEs, provide resistance by triggering 
the hypersensitive reaction (HR) when transactivated by a TAL effector. We observed an 
HR when Tal2a, an effector of strain BLS256 of X. oryzae pv. oryzicola (Xoc), the 
causal agent of bacterial leaf streak of rice, was delivered heterologously to rice leaves 
by two other strains of Xanthomonas. The response depends on the TAL effector 
activation domain and is specific to Tal2a, suggesting the presence of an executor R gene 
mechanism. We identified four genes induced by Tal2a in next generating RNA 
sequencing experiments and confirmed them with quantitative Real Time RT-PCR. A 
Tal2a knockout mutant of BLS256 shows virulence comparable to wild type, but 
different levels of plasmid-based expression indicate a dose-dependent avirulence 
activity by Tal2a. Based on activation of a known target, six of 11 geographically diverse 
Xoc strains appear to express Tal2a during rice infection, suggesting broad distribution 
of this effector in Xoc populations. Identification of the genetic source of HR will be 
important to understand the quantitative nature of Tal2a avirulence and could reveal a 
sequence useful for engineering resistance to Xoc and its close relative, X. oryzae pv. 
oryzae, which causes bacterial blight of rice. 
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Introduction 
Xanthomonas bacteria infect a variety of important crop species including 
soybean, cassava, cotton, banana, wheat and rice, several of which are staple foods in the 
developing world. The rice (Oryza sativa) pathogens Xanthomonas oryzae pv. oryzae 
(Xoo) and Xanthomonas oryzae pv. oryzicola (Xoc) cause bacterial blight (BB) and 
bacterial leaf streak by colonizing the xylem and the leaf mesophyll, respectively, and 
can cause yield losses as high as 50% and 30% (Niño-Liu et al., 2006). Several 
Xanthomonas species, including Xoo and presumably Xoc, rely on Transcription 
Activator-like (TAL) effectors to promote disease (Swarup et al., 1991; Yang et al., 
1994; Wichmann & Bergelson, 2004; Yang & White, 2004; Yang et al., 2006; Al-Saadi 
et al., 2007; Kay et al., 2007; Sugio, 2007; Athinuwat et al., 2009; Antony et al., 2010; 
Yu et al., 2011).   
Strongly resembling eukaryotic transcription factors, TAL effectors (Yang et al., 
2006) are delivered via the bacterial type III secretion system into host cells (Szurek et 
al., 2002), where C-terminal nuclear localization signals direct them to the nucleus 
(Yang & Gabriel, 1995; Van den Ackerveken et al., 1996; Szurek et al., 2001; Szurek et 
al., 2002; Gurlebeck et al., 2005). There, a central domain of highly conserved, 33-35 
amino acid repeats, each containing hypervariable residues (also called repeat-variable 
diresidues, or RVDs) at positions 12 and 13, directs recognition of corresponding 
effector binding elements (EBEs) in the DNA of plant gene promoters (Boch et al., 
2009; Moscou & Bogdanove, 2009). Each TAL effector wraps the DNA in a right-
handed superhelix, positioning the 2nd residue of each RVD into the major groove where 
it contacts an individual nucleotide in the forward strand (Deng et al., 2012; Mak et al., 
2012).  Collectively these interactions define the number and identity of adjacent 
nucleotides that comprise the EBE. A C-terminal acidic activation domain (AD) then 
activates transcription (Zhu et al., 1998; Zhu et al., 1999; Yang et al., 2000; Szurek et 
al., 2001; Marois et al., 2002; Gu et al., 2005; Yang et al., 2006; Kay et al., 2007; Römer 
et al., 2007; Sugio, 2007; Römer, P. et al., 2009; Römer et al., 2010) and recalibrates the 
host’s gene expression pattern.  
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TAL effectors promote disease through the induction of host susceptibility (S) 
genes, which produce conditions favorable for the pathogen (Yang et al., 2006; Sugio, 
2007; Antony et al., 2010; Yu et al., 2011; Streubel et al., 2013), but plants resist this 
attack with executor resistance (R) genes (Bogdanove et al., 2010). These rely on TAL 
effectors to bind an EBE and drive transcription at otherwise inactive promoters, leading 
to expression of cytotoxic or signaling proteins that ultimately trigger the hypersensitive 
reaction (HR) and arrest disease progression (Gu et al., 2005; Römer et al., 2007). 
Because executor genes depend on TAL effector function, the requirement for a specific 
repeat region and functional AD is a hallmark of this resistance mechanism. The three 
known executor genes, Bs3 and Bs4c, from pepper (Capsicum anuum), and Xa27, from 
rice, recognize the activity of AvrBs3, AvrBs4 and AvrXa27, respectively, from 
Xanthomonas campestris pv. vesicatoria (Xcv) and Xoo (Gu et al., 2005; Römer et al., 
2007; Strauß et al., 2012). None has similarity to other plant R genes, although Bs3 
shares homology with the flavin-dependent monooxygenases (Gu et al., 2005; Römer et 
al., 2007; Strauß et al., 2012). Two BB R genes in rice, Xa7 and Xa10, depend on the 
specific repeat regions and ADs of their cognate TAL effectors for recognition (Zhu et 
al., 1998; Zhu et al., 1999; Yang et al., 2000), suggesting both may be executor genes, 
although they have yet to be cloned.  
Despite substantial effort, no endogenous R genes effective against Xoc have 
been discovered in rice. This could be due to an ability of Xoc to suppress resistance. 
Xoo effectors AvrXa7 and AvrXa10 expressed heterologously in Xoc strain BLS303 
from a low copy plasmid failed to confer avirulence on rice plants with the 
corresponding R gene, despite confirmed delivery (Makino et al., 2006). However, when 
the Avr gene was expressed from a high copy plasmid an HR was observed, indicating 
that the suppressive ability of Xoc is quantitative (Makino et al., 2006). Although not 
endogenous to rice, the maize Rxo1 gene, a member of the nucleotide-binding site 
leucine-rich repeat (NBS-LRR) class of R genes, provided HR associated immunity in 
transgenic rice against strains of Xoc expressing the non-TAL effector AvrRxo1 (Zhao et 
al., 2004; Zhao et al., 2005). Together these studies suggest there is no fundamental 
barrier to natural resistance against Xoc, provided the response is sufficiently strong. 
Consistent with this conclusion, introduction of EBEs for multiple Xoc TAL effectors 
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into the Xa27 promoter produced effective resistance in transgenic rice (Hummel et al., 
2012). 
Discovery of the code governing RVD interactions with nucleotides enabled 
prediction of EBEs in host genomes and design of artificial repeat arrays to bind user-
defined DNA sequences (Boch et al., 2009; Moscou & Bogdanove, 2009; Christian et 
al., 2010; Morbitzer et al., 2010). Together with rapid assembly methods for designer 
TAL effectors (dTALEs)(Cermak et al., 2011; Li et al., 2011; Morbitzer et al., 2011; 
Weber et al., 2011; Zhang et al., 2011), it is now possible to target novel sites in 
eukaryotic promoters and assess phenotypes resulting from activation of the 
corresponding genes (Morbitzer et al., 2010; Geiβler et al., 2011; Miller et al., 2011; 
Zhang et al., 2011; Bultmann et al., 2012; Li et al., 2013; Maeder et al., 2013; Perez-
Pinera et al., 2013). In rice for example, this approach has been used to show that any of 
the five Clade III family members of the OsSWEET genes, a major class of sucrose 
transporters in plants, can serve as an S gene for BB (Streubel et al., 2013).  
Here we characterize Tal2a, a natural TAL effector of Xoc BLS256, which elicits 
an HR from rice when delivered heterologously by Xoo or by the soybean (Glycine max) 
pathogen Xanthomonas axonopodis pv. glycines (Xag). This response is specific to Tal2a 
and depends on the AD, suggesting it may be governed by an executor R gene. Tal2a 
was found to induce a ubiquitin carboxy-terminal hydrolase (UCH) gene, but activation 
of this gene with dTALEs targeting sequences distinct from the Tal2a EBE failed to 
trigger an HR, indicating the UCH gene is not required or is insufficient for the HR. 
Using two sets of RNA sequencing data from infected rice leaves, followed by RT-PCR, 
three additional targets of Tal2a were identified for future testing. A Tal2a knockout 
mutant of Xoc showed virulence comparable to wild type, but expression from a high 
copy plasmid inhibited virulence, suggesting Tal2a may have dose-dependent avirulence 
activity. Based on activation of a known Tal2a host target, six of 11 Xoc strains from a 
geographically diverse collection appear to express Tal2a during infection of rice, 
suggesting broad distribution of this effector in Xoc populations. Identification of the 
genetic source of HR triggered by Tal2a could be a major step toward understanding the 
lack of observed natural resistance to Xoc in rice and may reveal a mechanism amenable 
to engineering for enhanced resistance to Xoc and Xoo. 
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Results 
A TAL effector from Xoc elicits an AD-dependent HR when expressed by Xoo or 
Xag 
During a screen of Xoc TAL effectors delivered to rice leaves via Xag EB08 
(Hummel et al., 2012), we observed an HR-like phenotype elicited by Tal2a that first 
appeared at 48 hours past inoculation (hpi). Delivery of Tal2a by Xoo PXO99A produced 
a similar phenotype, although the HR was visibly weaker than that elicited by Xag 
delivering Tal2a. A truncated Tal2a lacking the AD (Tal2a∆AD), expressed either in 
Xag or Xoo, did not trigger the HR (Figure 1), suggesting the response depends on gene 
activation.  
 
Figure 1: Phenotype of Xanthomonas axonopodis pv. glycines EB08 (Xag) or Xanthomonas oryzae pv. 
oryzae PXO99A (Xoo) delivering Tal2a. Tal2a elicits a moderate or weak Hypersensitive Reaction (HR) 
in rice leaves when delivered by Xag or Xoo, respectively, but an activation domain (AD) mutant of Tal2a 
produces no visible symptoms. Leaves were cleared in ethanol 72 hours past inoculation (hpi). 
Independent experiments were repeated numerous times with similar results.  
 
Tal2a targets a ubiquitin carboxy-terminal hydrolase but activation is insufficient 
to trigger HR  
A search for EBEs of Tal2a in the rice promoterome, which we defined as 1000 
bp upstream of annotated genes (gene models from the MSU Rice Genome Annotation 
Project database, version 6.1; http://rice.plantbiology.msu.edu/)(Doyle et al., 2012), was 
cross-referenced with genes significantly induced by Xoc BLS256 in publicly available 
microarray data (http://www.plexdb.org/modules/PD_browse/experiment_browser.php?experiment=OS3). 
Two genes, a putative ubiquitin carboxy-terminal hydrolase (UCH; LOC_Os02g43760) 
and a putative phosphatidylinositol-4-phosphate 5-kinase (PPK; LOC_Os06g14750) 
were upregulated (UCH, q = 0.005; PPK, q = 0.196) during Xoc BLS256 infection and 
contained predicted EBEs for Tal2a (Table S1).  
Tal2a
Tal2a∆AD
Xag EB08 Xoo PXO99A
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To determine whether the UCH and PPK were real targets of Tal2a, we analyzed 
their expression patterns by quantitative Real Time RT-PCR (qPCR) during infection of 
rice leaves with PXO99A delivering Tal2a or Tal2a∆AD. PPK transcript was 
significantly more abundant in tissue inoculated with PXO99A compared to mock 
inoculated tissue, however similar activation levels in the presence of either Tal2a or 
Tal2a∆AD (Figure S1) suggest activation is not dependent on Tal2a activity but may be 
a nonspecific response to Xanthomonas oryzae infection. In contrast, UCH mRNA was 
significantly more abundant in the presence of Tal2a compared to Tal2a∆AD (Figure 
2a), suggesting Tal2a activity is necessary for its induction. To confirm Tal2a as the sole 
activator of UCH in BLS256, we generated a BLS256 knockout mutant of Tal2a (M169) 
and found it was compromised in its ability to activate the UCH gene. Reintroduction of 
a Tal2a clone on a high-copy plasmid restored UCH activation (Figure 2b), confirming 
that Tal2a is responsible for UCH induction by Xoc BLS256.  
To assess whether UCH activation is responsible for the HR elicited by Tal2a, we 
designed (Doyle et al., 2012) and constructed (Cermak et al., 2011) four dTALEs 
targeted to the UCH promoter, overlapping or proximal to the predicted Tal2a EBE 
(Figure 2c; see table S2 for RVD sequences and predicted EBEs). Although qPCR 
indicated all four dTALEs specifically activated UCH compared to mock inoculated 
tissue (Figure 2d), only dTALE280, which was targeted to the last 15 nucleotides of the 
Tal2a EBE, triggered an HR (Figure 2e), and this HR was visibly stronger than that 
elicited by Tal2a. Because dTALEs 611, 612 and 613 each activated UCH to a similar 
extent as dTALE280 without triggering an HR, UCH activation alone is not sufficient to 
cause HR. Instead, a different gene or set of genes activated by Tal2a and dTALE280 but 
not by the other dTALEs likely contributes to, or causes, the phenotype. 
RNAseq identifies three additional rice genes activated by Xoo and Xoc strains 
expressing or presumed to express Tal2a 
In a large next generation RNA sequencing (RNAseq) study conducted to assess 
gene induction patterns in rice leaves undergoing infection by different field isolates of 
Xoc, we observed differential activation of UCH. Taking UCH activation as a marker for 
the presence of Tal2a, we classified the 11 Xoc field isolate strains into “Tal2a+” and 
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“Tal2a-” groups. In addition to UCH, five other genes were activated by the six Tal2a+ 
strains of Xoc that were not activated by strains in the Tal2a- group (Table S3). 
 
Figure 2: A ubiquitin carboxy-terminal hydrolase (UCH) gene is activated by Tal2a but is not 
sufficient to cause an HR. (a) Tal2a expressed by Xoo activates the UCH relative to mock-inoculated 
tissue, but only when an AD is present. This experiment was repeated three times with similar results. (b) 
BLS256 significantly activates the UCH compared to mock-inoculated tissue, whereas a Tal2a knockout 
mutant, M169, does not. Complementation with a Tal2a clone expressed constitutively from a high-copy 
vector restores UCH activation. Independent experiments were repeated twice with similar results. (c) 
Sequence of the last 101 nucleotides of the UCH promoter and predicted EBEs for Tal2a and each of four 
dTALEs designed to activate the UCH. Numbers indicate the position of the last nucleotide of each EBE 
relative to the translational start at +1. (d) The UCH gene is activated by four dTALEs expressed by Xoo. 
Experiments were repeated at least twice with similar results. (e) Only Tal2a and dTALE280 elicit an HR 
from rice leaves when expressed by Xoo. The HR from dTALE280 is notably stronger than from Tal2a. 
Leaves were cleared in ethanol 72 hours past inoculation (hpi). Independent experiments were repeated at 
least three times with similar results. For a, b and d, vertical bars represent relative abundance of UCH 
mRNA in the presence of TAL effectors delivered by Xoo relative to mock-inoculated leaves, measured by 
quantitative real time reverse-transcriptase PCR (qPCR) at 48 hpi. Each is the average of two technical 
replicates of three biological replicates. Capped vertical lines show the standard deviation. Asterisks 
indicate values significantly > 1.0 (no change) as determined by two-tailed, heteroscedastic t-tests. 
Relative fold-change was calculated by the 2-∆∆Ct method. 
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To assess Tal2a-dependence of activation for these genes, we generated and 
cross-referenced RNAseq data for rice leaves treated with PXO99A expressing Tal2a or 
dTALE280. Compared to leaves treated with PXO99A expressing Tal11b, another 
BLS256 effector, 347 annotated genes were significantly upregulated at least 2.0-fold (q 
< 0.05) in response both to Tal2a and dTALE280. Two of the six genes upregulated by 
the Tal2a+ field isolates of Xoc were absent from this list, leaving only four genes 
uniquely activated by the Xoc strains and by Xoo carrying Tal2a (or dTALE280). The 
four genes – UCH, LOC_Os02g43770, LOC_Os10g40120, and LOC_Os10g40130 – 
actually comprise two pairs of adjacent genes (Figure 3a). Only one member of each 
pair, UCH and LOC_Os10g40130, contains a predicted EBE for Tal2a and dTALE280 
(Doyle et al., 2012), suggesting the others may be activated by read-through transcription 
originating from TAL effector activity at the neighboring gene.  
To account for any possible non-annotated targets of Tal2a that may have been 
missed during transcript assembly, we performed a second Cufflinks (Trapnell et al., 
2010) analysis with novel transcript discovery, but found no sequences upregulated by 
PXO99A expressing Tal2a and by all Tal2a+ Xoc strains. 
To confirm the RNAseq results we tested LOC_Os02g43770, LOC_Os10g40120 
and LOC_Os10g40130 by qPCR and found all three were specifically activated in rice 
leaves inoculated with BLS256 relative to M169 (Figure S2), and also by PXO99A 
strains expressing Tal2a and dTALE280 compared to mock inoculated leaves (Figure 
3b). Whether any or a combination of these genes is responsible for the Tal2a-elicited 
HR remains to be tested. 
 
Tal2a inhibits virulence of Xoc and Xoo in a dose-dependent manner 
Because Tal2a elicits an HR when delivered heterologously by Xag or Xoo, we 
sought to determine whether it inhibits the virulence of BLS256. We compared wild type 
to M169 and M169 carrying Tal2a or dTALE280 on a low- or a high-copy plasmid 
vector. We used a previously described lesion length assay of virulence (Wang et al., 
2007), and activation of the UCH gene determined by qPCR as a quantitative indicator of 
Tal2a activity (Figure 4). Expression of the TAL effectors from the high copy vector 
compared to the low copy vector resulted in roughly 3- to 5.3-fold higher UCH induction 
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(calculated from two independent qPCR experiments). Expressed from the high-copy 
vector, Tal2a caused a 30% reduction in virulence relative to the WT pathogen, whereas, 
no statistically significant difference was observed when Tal2a was expressed from a 
low copy vector. We observed no difference between BLS256 and M169 expressing 
Tal2a∆AD from either vector. In a pattern similar to Tal2a, dTALE280 caused a 90% 
reduction in lesion length when expressed from the high copy vector and an 11% 
 
Figure 3: Three additional genes are activated by Tal2a+ strains. (a) Schematic showing proximity and 
orientation of the gene pairs activated by Xo strains expressing, or presumed to express, Tal2a in Next 
Generation RNA Sequencing experiments. Gene architecture and scale is not shown. (b) Confirmation of 
RNAseq results with qPCR showing gene activation at 48 hpi. Vertical bars represent relative abundance 
of mRNA in the presence of TAL effectors delivered by Xoo relative to mock-inoculated leaves. Each is 
the average of two technical replicates of three biological replicates. Experiments were repeated twice with 
similar results. Os02g43770 was significantly upregulated by dTALE280 in only one experiment. Capped 
vertical lines show the standard deviation. Asterisks indicate values significantly > 1.0 (no change) as 
determined by two-tailed, heteroscedastic t-tests. Relative fold-change was calculated by the 2-∆∆Ct method. 
 
reduction from the low copy vector, an observation consistent with the visibly stronger 
HR elicited by this effector than by Tal2a when both are expressed from Xoo or Xag. 
Tal2a expressed from its native genomic locus in BLS256 produced the lowest level of 
UCH induction of all strains tested. Consistent with the moderate effect of Tal2a on 
virulence even at high expression levels, we were unable to detect a reproducible 
increase in virulence of M169 compared to BLS256 in eight independent experiments. 
Although the average M169 lesion length was slightly longer than that of the WT strain 
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in all experiments, statistical significance (p = 0.031) was observed only once, 
suggesting a nominal effect of chromosomally-encoded (single copy), Tal2a on BLS256 
virulence under the experimental conditions. The data overall show a quantitative, 
inverse correlation between Tal2a activity and virulence. 
As an additional test for a role of the UCH gene in the avirulence activity of 
Tal2a, we included virulence assays for M169 expressing dTALEs 611, 612 or 613 from 
the high copy vector. No effect on virulence could be detected for dTALEs 611 or 613 
despite robust activation of the UCH by both effectors, providing further evidence that 
the UCH gene is not the relevant or sole relevant target of Tal2a. Unexpectedly, 
dTALE612 caused a 47% reduction in the virulence of M169 when expressed from the 
high copy vector, even though we did not observe a visible HR when it was delivered by 
PXO99A.  
Finally, we examined the influence of Tal2a and dTALE280 on the virulence of 
PXO99A. Consistent with the results in M169, expressing Tal2a or dTALE280 in 
PXO99A from the high copy vector resulted in significantly reduced lesion lengths 
following leaf clip inoculation (Kauffman et al., 1973), relative to strains expressing 
Tal2a∆AD or dTALEs 611or 613; curiously, dTALE612, in contrast to its effect in 
M169, had no effect on PXO99A virulence (Figure S3).  
Discussion 
R gene isolation has traditionally been accomplished by positional cloning, a 
labor intensive and time consuming strategy that depends on parental lines with dense 
marker maps and robust phenotypic distinction for the trait of interest. Because TAL 
effectors act by direct induction of their target promoters, gene activation is a molecular 
signature for the point of interaction between TAL effector and host, making gene 
expression assays a productive method for identifying TAL effector targets. Host 
RNAseq in the presence and absence of the TAL effector AvrBs4 was recently used to 
identify a novel executor gene in pepper (Strauß et al., 2012). We used a similar 
approach to attempt to locate an apparent Tal2a-responsive executor gene in rice. The 
combined results of two RNAseq experiments, which collectively included 14 strains of 
Xoo and Xoc, allowed us to narrow the list of executor candidates to only four genes. 
Although systematic activation of the genes individually and collectively with dTALEs  
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Figure 4: Tal2a inhibits virulence of Xoc in a dose-dependent manner. (a) Activation of the UCH gene 
by various strains of Xoc relative to mock-inoculated tissue. Vertical bars represent relative abundance of 
UCH mRNA, measured by qPCR at 48 hpi. Each is the average of two technical replicates of three 
biological replicates. Experiments were repeated twice with similar results. Capped vertical lines show the 
standard deviation. Asterisks indicate values significantly > 1.0 (no change) as determined by two-tailed, 
heteroscedastic t-tests. Relative fold-change was calculated by the 2-∆∆Ct method. (b) Relative virulence of 
various M169 strains in syringe-inoculations. Vertical bars represent the ratio of lesion lengths at 10 dpi 
relative to those caused by WT BLS256 bacteria inoculated directly across the leaf midrib. Each is the 
average of at least eight biological replications. Experiments were repeated at least twice with similar 
results. Capped vertical lines show the standard deviation. Asterisks indicate values significantly different 
from 1.0 (no change). †The M169 strain expressing dTALE280 from the low copy vector produced shorter 
lesions of statistical significance in two of the four independent experiments in which it was tested, 
although all four experiments resulted in an average ratio < 1.0; shown is the combined average and 
standard deviation of all four experiments, representing 42 biological replications. 
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is ongoing, preliminary results suggest we have not pinpointed the source of resistance 
(SOR) because we have been unable to reproduce the HR phenotype. There are at least 
three possible explanations for failure to identify the SOR.  
First, it is possible the SOR was missed in the RNAseq study. This could have 
occurred through exclusion during mRNA library preparation, a likely scenario if the 
sequence is not a traditional protein-coding gene and therefore lacks a poly-A tail. It is 
also possible the SOR is activated only weakly by Tal2a, and was therefore overlooked 
in the RNAseq data processing through the cutoff of at least 2.0-fold induction compared 
to controls. Another possibility is that we excluded the gene by cross-referencing of the 
RNAseq results of the Xoo-delivered effectors with those of the Xoc field isolate results. 
“Cross-talk” among effectors in the Xoc field isolate strains could have eroded the 
integrity of our Tal2a+ and Tal2a- classifications of the Xoc strains, either through 
possession by a “Tal2a+” strain of a TAL effector other than Tal2a that targets UCH, or 
by suppression of UCH activation by another effector from a “Tal2a-” strain that actually 
does possess Tal2a. It is also possible the SOR does not resemble a traditional gene 
structure, and was missed by the read-mapping software. To account for this, we 
performed a second analysis on the aligned reads using Cufflinks (Trapnell et al., 2010) 
for novel transcript discovery, but we found no sequences upregulated in common by all 
Tal2a+ strains.  
A second plausible scenario is that the apparent executor mechanism may be 
more complex than the examples that have been characterized to date. Specifically, the 
phenotype may be the result of activation of two or more genes by Tal2a and 
dTALE280. Although the genes would likely have been identified in the RNAseq study, 
perhaps the phenotype is dependent on a delicate balance of expression that we have 
been unable to replicate by activation with dTALEs.  
Third, it is possible that Tal2a and dTALE280 produce some sort of structural 
changes in the activated gene, most simply by causing a truncated 5’-UTR or protein. 
TAL effectors have been shown in some cases to dictate new transcriptional starts for 
gene promoters (Kay et al., 2007; Kay et al., 2009; Römer, Patrick et al., 2009; Römer, 
P. et al., 2009; Antony et al., 2010). In this case such activity could cause expression of 
an alternative transcript that triggers the HR due to an absence of stabilizing or 
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regulatory domains that normally control its function. This subtle mechanism would 
depend on the exact position of the activating TAL effector on the promoter and would 
be difficult to replicate by targeting dTALEs to different regions of the gene promoter. It 
may be significant that the only two TAL effectors sufficient to elicit the HR in this 
study share EBEs that terminate at the same nucleotide in the UCH promoter.  
Should any of these scenarios turn out to be true for the SOR target of Tal2a, it 
will represent a significant departure from the current paradigm of TAL effectors 
triggering single, protein-coding executor R genes. Our failure to pinpoint the SOR 
highlights the complexity of plant-pathogen interactions. Even in well-studied model 
systems such as rice and Xanthomonas, apparently simple interactions can be startlingly 
difficult to unravel. Infection by Xanthomonas involves complex manipulations of the 
global transcriptional profile of the host. Similarly, even single TAL effectors are likely 
to produce complex changes across the entire transcriptome that may be difficult to 
reproduce with dTALEs. 
Although effectors with avirulence function are common, we are not aware of 
any with a quantitative effect such as Tal2a. AvrBs3 from Xcv triggers an HR in a dose-
dependent manner from the nucleotide-binding, leucine-rich R protein Bs4, but only 
when expressed in plant cells at a high level via Agrobacterium transient assays and not 
during natural infections by Xcv (Schornack et al., 2005). We observed a clear fitness 
cost to Xoc or Xoo when Tal2a was expressed constitutively from a high-copy vector, 
however, repeated comparisons of M169 virulence vs. BLS256 consistently failed to 
detect a significant fitness cost for the low level of Tal2a expression that occurs from its 
native genomic locus under our experimental conditions. Any effect of Tal2a on BLS256 
virulence in the field is therefore likely to be minimal, at least in Nipponbare rice. 
Nonetheless, by using UCH activation as a marker for TAL effector expression levels, 
we were able to titrate the dose of Tal2a delivered to host cells simply by expressing it 
from high and low copy plasmid vectors. We observed an inverse correlation between 
the strength of UCH activation in host cells and Xoc virulence, indicating that at high 
expression levels Tal2a exerts a moderate avirulence function. A similar correlation was 
observed by dTALE280 expressed from the same vectors, though the avirulence effect 
was stronger.  
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Because dTALE612 did not trigger a visible HR, we were surprised to observe 
moderate avirulence activity when it is expressed by M169 from the high copy vector. 
Because this effector shares 13 of the 19 nucleotides in its UCH EBE with the UCH EBE 
for dTALE280, and all of its EBE with the UCH EBE for Tal2a, we believe it is possible 
that dTALE612 activates the gene(s) responsible for causing HR at a level below the 
threshold required for a visible phenotype but high enough to produce moderate 
avirulence activity.  
Although we were unable to identify the SOR, this study provides further 
evidence of the utility of dTALEs as tools to probe plant genes for their roles in 
Xanthomonas disease (Morbitzer et al., 2010; Li et al., 2013; Streubel et al., 2013). By 
targeting dTALEs to different sequences within a plant gene promoter, a phenotype can 
be attributed to a gene with high confidence if each of several TAL effectors activating 
that gene elicit a similar phenotype but effectors targeted to other genes do not. Here we 
ruled out the UCH gene as the mediator of HR on the basis of its activation by 
dTALEs611 and 613 without a visible HR or measurable fitness cost in M169, though its 
activation may contribute to HR. 
Using activation of the UCH gene as a marker for Tal2a activity, we investigated 
the distribution of this effector in 11 different Xoc strains included in an RNAseq 
experiment performed for use in a separate comparative study. Of the 11 tested strains, 
UCH is induced by both Chinese strains, two of five strains from the North African 
countries of Mali and Burkina Faso, and two of three strains from the Philippines, but not 
by the only tested Indian strain. Why is Tal2a apparently so broadly distributed? Without 
a detectable fitness cost for the expression of Tal2a from the genomic locus of BLS256 
there may not be significant selective pressure to eliminate this effector from the 
genome. Although we did not explore responses to Tal2a by a large set of diverse rice 
cultivars, Xag delivery of Tal2a to Kitaake and IR24 genotypes produced a robust HR 
(data not shown) in addition to that shown for Nipponbare. These genotypes represent 
two of the three major lineages of rice, suggesting broad conservation for the resistance 
source among cultivated rice varieties. Perhaps Tal2a does not elicit resistance in some 
Xoc hosts and instead contributes to virulence. 
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In summary, we have identified an apparent executor R gene mechanism 
triggered in rice by Tal2a in a dose-dependent manner and sufficient for a moderate 
reduction in virulence when Tal2a is expressed from a high copy vector by Xanthomonas 
rice pathogens. The strong avirulence activity shown by dTALE280 in both Xoc and 
Xoo suggests this genetic resistance source, when it is identified, may be amenable to 
engineering for robust, broad spectrum resistance to diverse strains of Xoo and Xoc in a 
manner similar to the recent modifications of Xa27 (Hummel et al., 2012). 
 
Experimental Procedures 
Plant growth, plant inoculations, virulence assays and qPCR 
Rice (Oryza sativa L. cv Nipponbare) was grown and inoculated as described, 
except for Xoc virulence assays WT BLS256 was inoculated on the opposite side of the 
leaf midrib from each M169 strain and the mutant lesions were expressed as a ratio of 
the corresponding BLS256 lesion length. (Hummel et al., 2012). Xoo PXO99A virulence 
assays were conducted as described (Hummel et al., 2012) except each lesion was 
expressed as a ratio of the total leaf length as described for the estimation of percent 
diseased area (Anonymous, 2002). qPCR was performed as described (Livak & 
Schmittgen, 2001; Schmittgen & Livak, 2008; Hummel et al., 2012), except total 
reaction volumes were reduced to 25 µl, total RNA template was reduced to 50 ng, and a 
minimum of two qPCR technical replicates were performed for each independent 
biological sample. The following gene-specific primers were used for qPCR: 
Actin-6 (EU215044): P787 (CCGGTGGATCTTCATGCTTACCTGG)/ 
P788 (CGACGAGTCTTCTGGCGAAACTGC) 
UCH (LOC_Os02g43760): P1022 (CATTCCGTTGCTGCTTCGGCTG)/ 
P1023 (GTTCATTGAGTCAGGGTTGGACGC) 
PPK (LOC_Os06g14750): P1091 (GAAGGTTGGAGCGAGCTGTCTGG)/ 
P1092 (GATAGTTGGGAGCACGTCTCTGGAG) 
LOC_Os02g43770: PI138 (CGCAGCGGAGGGACGAGATAG)/ 
PI139 (GCTAACTACTGCACATGGGTGCCATG) 
LOC_Os10g40120: PI142 (GGAAACGTTGCTACACCGAAGGAGC)/ 
PI143 (GGTCATGGGAGACACTTCGTGCC) 
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LOC_Os10g40130: PI149 (GCAAGGACTCCAGAGTCTCTTTCGAG)/ 
PI150 (CTCCCGCCAGCATATCATCCAGG) 
 
TAL effector clones, bacterial transformation and mutant generation 
The Tal2a effector was cloned from Xoc BLS256 by C. Schmidt (our laboratory) 
as described (Hummel et al., 2012).  dTALEs were assembled as described (Cermak et 
al., 2011), then transferred via the Gateway LR II Clonase enzyme kit (Life 
Technologies, Grand Island, NY, USA) into pKEB31, a derivative of the broadhost 
range plasmid pDD62 (Mudgett et al., 2000) in which the nptII gene is replaced by the 
tetR gene of pBR322. pKEB31 places the effector under the control of the lac promoter, 
which is constitutive in Xanthomonas. To generate the low-copy vectors, the pKEB31-
derived plasmids were digested with HindIII and the fragment containing the lac 
promoter and TAL effector was ligated into the HindIII site of pHM1 (Hopkins et al., 
1992). Growth and transformation of Xanthomonas was performed as described 
(Hummel et al., 2012). For generation of the Tal2a knockout mutant, the pAH412 
suicide plasmid was manufactured by replacing the first 19.5 repeats of the Tal2a central 
region with the KanR gene of the EZ-Tn5 Transposon (Epicentre, Madison, WI, USA). 
This modified central region was flanked by N- and C-terminal sequences from the Xoc 
TAL effectors Tal2a and Tal1c, and carried in the pBlueScript II phagemid (Agilent 
Technologies, Santa Clara, CA, USA) backbone. M169 was generated by transformation 
of Xoc BLS256 electrocompetent cells with pAH412, followed by selection on GYE 
plates amended with Kanamycin. In M169 the N-terminal region of the knockout 
cassette was mapped to the Tal2a genomic locus by PCR and sequencing. Knockout of 
Tal2a was confirmed by qPCR showing loss of UCH induction by M169. 
 
Next Generation RNA sequencing 
For Xoo strains expressing Tal2a and dTALE280, rice leaves were inoculated 
and total RNA was isolated as described for qPCR (Hummel et al., 2012). Activation of 
UCH by Xoo PXO99A expressing Tal2a and dTALE280, but not by Xoo PXO99A 
expressing Tal11b, was confirmed by qPCR. For the Xoc field isolate strains, eight 
leaves from four 15-day-old rice plants were syringe-inoculated with each sample, plus a 
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mock inoculation, and the leaves from each treatment were pooled. Independent 
experiments were repeated three times and total RNA was extracted as described for 
qPCR (Hummel et al., 2012). The Iowa State University DNA Facility prepared mRNA 
libraries using the Illumina (San Diego, CA, USA) TruSeq RNA Sample Preparation Kit 
v2 according to the manufacturer’s protocol. For the PXO99A experiment two 
independent biological replicates of each treatment were indexed and multiplexed into a 
single flow cell lane; for the Xoc field isolate experiment, three independent biological 
replicates of each treatment were indexed and filled the remaining lanes of the flow cell.  
Sequencing was performed on the HiSeq 2000 (Illumina) by the Iowa State 
University DNA Facility, yielding 178.8 million and 912.4 million high quality reads for 
the Xoo and Xoc experiments, respectively; 177.2 million and 901.4 million reads, 
respectively, passed all filtering steps. Before the reads were aligned, adapter sequences 
were removed using the Trimmomatic (Lohse et al., 2012) IlluminaClip trimming step 
with the following settings: seedMismatches=2, palindromeClipThreshold=40, and 
simpleClipThreshold=15. Low quality read ends (bases with a phred quality score of less 
than 20) were then removed using BRAT (Harris et al., 2010) with default settings 
because independent evaluation suggests that this step improves alignment quality (Yu et 
al., 2012). Alignment and splice site identification were completed using TopHat 
(Trapnell et al., 2009; Kim et al., 2013) with a maximum intron length of 10,000 and 
default settings otherwise. Reads were aligned to the Os-Nipponbare-Reference-IRGSP-
1.0 rice genome using the MSU Rice Genome Annotation Project Release 7 as a 
reference annotation (Kawahara et al., 2013). The aligned reads were assembled into a 
minimal set of transcripts using Cufflinks (Trapnell et al., 2010) with the option --multi-
read-correct, the same reference annotation used for alignment, and default settings 
otherwise.  
On a first run, the reference annotation was passed to Cufflinks using the “-G” 
flag which requires that Cufflinks ignore reads that are incompatible with existing 
transcripts. When none of the previously annotated genes was confirmed as the Tal2a 
target, this step was repeated using the “-g” flag instead, allowing Cufflinks to assemble 
novel transcripts to explain the observed reads. In order to extract non-normalized read 
counts for each of the resulting transcripts, the HTSeq function htseq-count (http://www-
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huber.embl.de/users/anders/HTSeq/doc/overview.html) was used with default settings 
for non-stranded reads. Differentially expressed genes were then identified usinq 
Quasiseq (Lund et al., 2012). Genes were considered differentially expressed if they had 
a q-value < 0.05 and at least a two-fold change in expression. The analysis described 
above was performed separately for the RNA Seq reads obtained from rice inoculated 
with Xoo PXO99A and the reads obtained from rice inoculated with the Xoc isolates. 
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Supplementary Information 
 
 
Figure S1: A Phosphatidylinositol-4-Phosphate 5-Kinase (PPK) predicted target of Tal2a is activated 
non-specifically by Xoo inoculation but not by Tal2a. qPCR of the PPK predicted target of Tal2a shows 
similar activation by Xoo expressing Tal2a or Tal2a∆AD relative to mock-inoculated tissue at 48 hpi. 
Vertical bars represent relative abundance of PPK mRNA in the presence of TAL effectors delivered by 
Xoo relative to mock-inoculated leaves. Each is the average of two technical replicates of three biological 
replicates. Experiments were repeated twice with similar results. Capped vertical lines show the standard 
deviation. Asterisks indicate values significantly > 1.0 (no change) as determined by two-tailed, 
heteroscedastic t-tests. Relative fold-change was calculated by the 2-∆∆Ct method. 
 
 
Figure S2: Tal2a-dependent activation of three additional rice genes by Xoc. Activation of 
LOC_Os02g43770, LOC_Os10g40120 and LOC_Os10g40130 in leaves inoculated with BLS256 relative 
to leaves inoculated with the Tal2a knockout mutant, M169. Vertical bars represent relative abundance of 
mRNA as measured by qPCR at 48 hpi. Each is the average of two technical replicates of at least five 
biological replicates from two independent experiments. Capped vertical lines show the standard deviation. 
Asterisks indicate values significantly > 1.0 (no change) as determined by two-tailed, heteroscedastic t-
tests. Relative fold-change was calculated by the 2-∆∆Ct method. 
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Figure S3: Tal2a inhibits the virulence of Xoo. Lesion lengths of Xoo strains constitutively expressing 
TAL effectors from a high-copy vector in leaf clipping inoculations. Vertical bars represent the ratio of 
lesion length to total leaf length at 14 dpi. Each value represents the average of at least eight biological 
replications. Capped vertical lines show the standard deviation. Different letters indicate a statistically 
significant difference between values. Five independent experiments produced similar results. 
 
 
Table S1. Predicted targets of Tal2a 
Gene Locusa Rankb EBEc EBE Sequence TSSd q-valuee Putative Functionf 
UCH LOC_Os02g43760 29 921 CCGCCTCGCCTCCTCCTATCT 886 
0.0053 
 
ubiquitin carboxyl-terminal hydrolase, 
family 1, putative, expressed 
PPK LOC_Os06g14750 114 473 CCCCCTCCCCCTCCCCCACCT Unk. 0.1964 phosphatidylinositol-4-phosphate 5-
Kinase family protein, putative, 
expressed 
aLocus IDs from the Rice Genome Annotation Project (http://rice.plantbiology.msu.edu/) 
bEBE score relative to all other annotated rice promoters 
cPosition of the first nucleotide of the EBE relative to the beginning of the promoter defined as 1000 
nucleotides upstream of the start codon. 
dAnnotated transcriptional start from the Rice Genome Annotation Project 
eFor tissue treated with Xoc BLS256 compared to mock-inoculated tissue 
fFunctional annotation from the Rice Genome Annotation Project 
 
 
 
Table S2. RVDs and predicted EBEs of TAL effectors used in this study 
TAL Effector RVD Sequencea Intended Target EBE Length Predicted EBEa 
TAL2a HD HD NC HD NC NG HD HH HD NI 
NG N* NS N* HD HD NS NI HG HD NG 
N/A 21 CCGCCTCGCCTCCTCCTATCT 
dTALE280 HD NN HD HD NG HD HD NG HD HD 
NG NI NG HD NG 
UCH 15 CGCCTCCTCCTATCT 
dTALE611 HD NN HD HD NN HD HD NI HD NN 
HD HD NI HD NN HD HD NN HD NG 
UCH 20 CGCCGCCACGCCACGCCGCT 
dTALE612 HD HD NN HD HD NG HD NN HD HD 
NG HD HD NG HD HD NG NI NG 
UCH 19 CCGCCTCGCCTCCTCCTAT 
dTALE613 HD HD NG HD HD NG NI NG HD NG 
HD NG HD NN HD HD NI NI NN HD NG 
UCH 21 CCTCCTATCTCTCGCCAAGCT 
aRVD design and EBE prediction was performed as described (Doyle et al., 2012) 
 
 
 
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
Ta
l2
a
Ta
l2a
∆
AD
Pe
rc
en
t D
ise
as
ed
 
Ar
ea
Effe
c
tor
a
dT
AL
E2
80
dT
AL
E6
13
dT
AL
E6
12
dT
AL
E6
11
b b,d
c
d a,d
 85 
Table S3. Genes activated specifically by Tal2a+ Xoc field isolates 
Gene Predicteda Putative Functionb 
UCH Yes ubiquitin carboxyl-terminal hydrolase, family 1, putative, expressed 
LOC_Os02g43770 No DUF630/DUF632 domains containing protein, putative, expressed 
LOC_Os04g05050 No pectate lyase precursor, putative, expressed 
LOC_Os10g02840 No O-methyltransferase, putative, expressed 
LOC_Os10g40120 No U-box domain containing protein, expressed 
LOC_Os10g40130 Yes Mur ligase family protein, putative, expressed 
aPredictions for functional EBEs recognized by Tal2a and dTALE280 in the gene promoter (Doyle et al., 
2012) 
bFunctional annotation from the Rice Genome Annotation Project (http://rice.plantbiology.msu.edu/) 
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CHAPTER 5 
CONCLUSIONS 
Discussion 
This dissertation focuses on the role of TAL effectors in provoking plant 
resistance to Xanthomonas pathogens. A successful demonstration of engineering an 
executor R gene for recognition of a broader spectrum of Xanthomonas pathogens is 
presented in Chapter III. The insertion of six predicted EBEs into the promoter provided 
gene activation by seven different TAL effectors, leading to immunity against two 
additional strains of Xanthomonas oryzae pv. oryzae (Xoo) and all tested strains of 
Xanthomonas oryzae pv. oryzicola (Xoc) without any modification to the protein coding 
sequences of the host crop. Because traditional breeding programs for resistance are 
limited by the diversity, durability and recognition spectrums of R genes found in nature, 
one can envision engineered executor R genes as a useful tool in crop protection 
programs. A major advantage to engineered executor R genes is the large number of 
effector specificities that can be added to a single gene with a short modification (< 200 
bp) of the promoter, providing a space efficient stack of recognition traits.  
Alternatively this strategy may increase durability if EBEs are chosen to 
correspond to the most important TAL effectors in a local Xanthomonas population. A 
persistent obstacle in traditional breeding for pathogen resistance is the often 
disappointing durability of deployed R genes. Previous work suggests resistance 
triggered by TAL effectors with significant virulence contributions is more durable than 
that elicited by TAL effectors without substantial effects on virulence (Hopkins et al., 
1992; Bai et al., 2000; Vera Cruz et al., 2000; Leach et al., 2001; Ponciano et al., 2003). 
The opportunities for a pathogen to adapt away from triggering host resistance further 
decrease when multiple effectors from a single strain elicit the response. Thus, an 
executor R gene engineered for durable resistance may be amended with multiple EBEs 
recognized by major virulence-contributing TAL effectors from the same pathogen, 
thereby requiring the loss of multiple fitness traits simultaneously to evade recognition. 
For PXO99A to gain virulence on our UXO and XOO rice lines, for example, would 
require the simultaneous loss or mutation of four TAL effectors, including the major 
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virulence factors PthXo1 and PthXo6. Executor R genes defeated by loss or adaptation of 
corresponding TAL effectors can likely be recycled by EBE replacement for recognition 
of the new TAL effectors. Whether emphasis is placed on broadness, durability or some 
combination thereof, one can envision successful crop protection programs built on the 
rational design of executor genes for systems such as rice, pepper, cassava, citrus, 
soybean and cotton, in which TAL effectors with virulence contributions have been 
identified in the respective Xanthomonas pathogens (Schornack et al., 2013). Finally, 
recent work suggests some strains of Ralstonia, causal agents of bacterial wilt, contain 
TAL effector homologs that function as transcriptional activators in the plant cell 
nucleus in a manner similar to Xanthomonas TAL effectors (de Lange et al., 2013), 
suggesting these pathogens may also be inhibited by appropriately engineered executor R 
genes. 
Although the use of engineered executor R genes for Xanthomonas resistance is 
promising, caution is warranted. A bioinformatics analysis on the EBEs amended to the 
Xa27 promoter indicates the presence of short sequences conserved in the rice 
promoterome, suggesting unwanted regulatory elements may have been included in our 
promoter modifications. Activation of these signals by an environmental cue after 
widespread deployment of an engineered executor R gene could be devastating. Thus 
enhaustive bioinformatics screening and extensive field trials will be important to reduce 
the risk of spurious activation after deployment. Degeneracy in the TAL effector-DNA 
binding code may render it possible to eliminate unwanted regulatory elements while 
maintaining the desired TAL effector binding specificity through a careful base-by-base 
construction of each EBE included in an engineered executor R gene. 
During a screen of TAL effectors from Xanthomonas oryzae pv. oryzicola (Xoc) 
strain BLS256, we observed a hypersensitive reaction (HR) elicited by Tal2a when it 
was expressed heterologously in rice leaves by Xag. Further analysis indicated the 
response was Tal2a specific and dependent on gene activation, suggesting an executor R 
gene recognition mechanism. Expression from high- and low-copy plasmids by Xoo and 
Xoc indicated a dose-dependent avirulence function of Tal2a. Xoc is known to suppress 
host resistance (Makino et al., 2006), however it is unclear whether this or other factors 
explain the virulence of BLS256 in spite of Tal2a expression from the genomic locus. A 
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ubiquitin carboxy-terminal hydrolase activated by Tal2a was insufficient to produce the 
HR when induced by designer TAL effectors, and similar testing of three additional 
Tal2a-responsive sequences is ongoing. The executor R gene Bs4C was recently isolated 
from an unsequenced pepper (Capsicum pubescens) genome by a similar strategy of 
transcript profiling for TAL effector target identification (Strauß et al., 2012).  
 
Significance 
The executor R gene engineered for resistance against additional strains of 
Xanthomonas was a significant advancement of the “EBE stacking” strategy, which had 
previously been demonstrated only in transient assays with a maximum of three different 
EBEs driving a GUS reporter gene in the model plant Nicotiana benthamiana (Römer et 
al., 2009). Our study demonstrated this as an effective strategy for protecting a crop 
species against Xanthomonas diseases, showing as many as seven functional EBEs in a 
single plant promoter and providing the first example of a rice gene bestowing complete 
resistance against Xoc. That executor R genes can be be manipulated for resistance 
inclusive of new Xanthomonas pathovars may have useful applications in protection of 
crops in which no such genes have yet been found. Our study provided a foundation for 
future design of these genes, showing maximum activation might require the EBE to be 
positioned at an optimal range from the coding sequence.  
The bioinformatics analysis of EBEs suggests overlap with elements conserved in 
the rice promoterome, which could indicate regulatory function for some of these 
sequences. This is the first effort to compare sequences bound by natural TAL effectors 
with the composition of the promoterome. In addition to demonstrating the need for 
careful EBE design to avoid spurious activation of engineered executor R genes, this 
analysis suggests TAL effectors may be under selective pressure to target conserved 
elements in plant gene promoters. If true, TAL effectors could target conserved 
sequences simply because those EBEs have the greatest longevity in plant promoters or 
the broadest distribution across host genotypes. This work has been cited 10 times since 
publication in July 2012. 
Historically, the study of avirulence proteins has been one of the most fruitful 
areas of plant pathology research due to the readily distinguishable phenotypes and 
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diverse information revealed about effector biology and plant resistance mechanisms. 
Because we were unable to pinpoint the resistance source triggered by Tal2a, only 
speculation about the mechanism is possible. Based on the Tal2a-specific HR that 
required the activation domain, it still seems likely that the resistance mechanism is a 
variation of the executor R gene theme, perhaps with some novel characteristic such as 
noncoding RNA or the involvement of multiple sequences. Another finding of this study 
is the dose-dependent avirulence activity of Tal2a, a rarely observed event in plant-
pathogen interactions. One other example is the HR triggered by Bs4 when exposed to 
high levels of AvrBs3, but this has only been observed during strong expression of both 
genes in planta during transient assays and not during infection of a resistant host by a 
Xanthomonas campestris pv. vesicatoria strain expressing AvrBs3 (Schornack et al., 
2005).   
Whether the dose-dependent avirulence of Tal2a is relevant to the natural 
interaction of BLS256 and rice remains unclear. Because Tal2a expressed from the 
genomic locus of BLS256 activates the UCH gene to lower levels than by Tal2a 
expression from plasmid vectors, it is possible the host resistance is not triggered by 
natural BLS256 expression of Tal2a. Alternatively, the documented ability of Xoc to 
suppress host resistance (Makino et al., 2006) could be masking avirulence activity of 
Tal2a and enabling disease. Either scenario could explain our observation of wild type 
virulence from the Tal2a mutant of BLS256. Reverse genetics with the unidentified host 
resistance suppressor of Xoc or low-level Tal2a expression from a strain lacking the 
resistance suppression trait will be necessary to discern which scenario is real. The full 
significance of our characterization of Tal2a is likely to become evident when the host 
resistance source is located, especially if it turns out to be a mechanism distinct from the 
canonical executor R gene configuration. Consistent with a strong trend in the plant 
pathology literature (Morbitzer et al., 2010; Li et al., 2013; Streubel et al., 2013), this 
study provides additional evidence for the utility of dTALEs as precise tools for the 
dissection of molecular interactions between Xanthomonas and their hosts. 
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Recommendations for Future Research 
 Although our engineered executor R gene proof of principle was very successful, 
several aspects of this technology remain to be perfected if it is to be deployed. Of 
primary importance to the successful deployment of engineered executor R genes is the 
selection of EBEs matched to TAL effectors conserved in the local Xanthomonas 
populations. This will require periodic surveys of wild Xanthomonas populations to 
catalog and moniter TAL effector diversity.  
To guard against uncontrollable activation of engineered executor R genes, EBEs 
selected to match conserved TAL effectors should be screened and then redesigned by 
exhaustive bioinformatics analyses to identify and eliminate potential regulatory 
sequences while maintaining the desired effector specificity. Although this may be 
feasible because of degeneracy in the TAL effector-DNA binding code, the effective 
application of such a study has yet to be demonstrated. This study would expand our 
limited knowledge of the selective pressures exerted on TAL effectors by sequence 
diversity in plant gene promoters as well.  
The adaptation of engineered executor R gene technology to other crop systems is 
likely to be straightforward because TAL effector function appears to be consistent in all 
studied systems. To avoid compatability issues between executor R genes and HR 
signaling pathways, best results are likely to be obtained by the modification of executor 
R genes native to the plant in which they are to be used. Equally important, the 
promoters of native executor R genes are already best suited for stringent control of 
expression. For rice and pepper, natural executor R genes have already been identified, 
but for other crops such as cassava, citrus, soybean and cotton these will need to be 
isolated if native genes are to be modified.  
Identification of the source of resistance (SOR) triggered by Tal2a remains to be 
accomplished, but after our failure to pinpoint it, the way to do this is not obvious. One 
scenario discussed in Chapter IV is that the SOR could be a noncoding RNA, and the 
lack of a poly-adenine tail would cause its exclusion from the mRNA libraries prepared 
for RNA sequencing. The impact of TAL effectors on expression of noncoding RNAs in 
host genomes has yet to be explored. Although TAL effectors may not activate 
noncoding RNAs directly, the cascade of gene activation resulting from TAL effector 
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activity in a host genome may result in noncoding RNA expression through the influence 
of host intermediaries. 
One aspect of Xoc biology that needs characterization is its ability to suppress 
host resistance at a level that appears to be superior to Xoo (Makino et al., 2006). 
Although it is unclear from our analysis whether this trait in BLS256 is masking Tal2a 
avirulence activity, identification of the resistance-suppressing effector would enable 
reverse genetics that should answer this question. More importantly, this would provide a 
significant advance in understanding of pathogen virulence mechanisms and its point of 
interaction with the resistance signaling cascade would reveal a weak link in host 
defenses. Finally, it is possible this mechanism could be exploited for engineering of 
improved host resistance to Xoc. 
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APPENDIX A 
TAL EFFECTOR SPECIFICITY FOR BASE 0 OF THE DNA TARGET IS 
ALTERED IN A COMPLEX, EFFECTOR- AND ASSAY-DEPENDENT 
MANNER BY SUBSTITUTIONS FOR THE TRYPTOPHAN IN CRYPTIC 
REPEAT –1 
 
A paper published in PLOS ONE 
 
Erin L. Doyle1,2, Aaron Hummel1, Zachary L. Demorest3,4, Colby G. Starker3, Daniel F. Voytas3, Philip 
Bradley5, and Adam J. Bogdanove1,6* 
 
Abstract 
TAL effectors are re-targetable transcription factors used for tailored gene 
regulation and, as TAL effector-nuclease fusions (TALENs), for genome engineering. 
Their hallmark feature is a customizable central string of polymorphic amino acid 
repeats that interact one-to-one with individual DNA bases to specify the target. 
Sequences targeted by TAL effector repeats in nature are nearly all directly preceded by 
a thymine (T) that is required for maximal activity, and target sites for custom TAL 
effector constructs have typically been selected with this constraint. Multiple crystal 
structures suggest that this requirement for T at base 0 is encoded by a tryptophan 
residue (W232) in a cryptic repeat N-terminal to the central repeats that exhibits 
energetically favorable van der Waals contacts with the T. We generated variants based 
on TAL effector PthXo1 with all single amino acid substitutions for W232. In a 
transcriptional activation assay, many substitutions altered or relaxed the specificity for 
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T and a few were as active as wild type. Some showed higher activity. However, when 
replicated in a different TAL effector, the effects of the substitutions differed. Further, 
the effects differed when tested in the context of a TALEN in a DNA cleavage assay, and 
in a TAL effector-DNA binding assay. Substitution of the N-terminal region of the 
PthXo1 construct with that of one of the TAL effector-like proteins of Ralstonia 
solanacearum, which have arginine in place of the tryptophan, resulted in specificity for 
guanine as the 5’ base but low activity, and several substitutions for the arginine, 
including tryptophan, destroyed activity altogether. Thus, the effects on specificity and 
activity generated by substitutions at the W232 (or equivalent) position are complex and 
context dependent. Generating TAL effector scaffolds with high activity that robustly 
accommodate sites without a T at position 0 may require larger scale re-engineering. 
 
Introduction 
Transcription activator-like (TAL) effectors [reviewed in 1] are a class of DNA 
binding transcription factors injected into host cells by members of the plant pathogenic 
bacterial genus Xanthomonas for targeted activation of specific host genes during 
infection. They are also important tools for biological engineering and genome editing 
because they can be readily engineered to bind specifically to almost any DNA sequence 
of interest. TAL effector binding site specificity is determined by a central repeat region 
(CRR) composed of a variable number of tandem repeats each typically 33-34 amino 
acids in length. The repeats are nearly identical, with repeat-to-repeat variation occurring 
primarily at amino acids 12 and 13 (termed the repeat-variable diresidue or RVD). The 
sequence of RVDs corresponds one-to-one with the sequence of bases on one strand of 
the target DNA, with the second residue of each RVD specifying a particular base 
through specific contacts or steric preclusion of alternate bases [2-5]. The bases of the 
DNA target that are encoded by the RVDs are known as the effector binding element, or 
EBE. Discovery of the TAL effector-DNA binding code has enabled the identification of 
candidate EBEs for specific TAL effectors, which facilitates the identification of TAL 
effector-targeted plant genes that play important roles in diseases caused by 
Xanthomonas spp. And the repeat-encoded targeting mechanism has proven to be 
modular, with no qualitative neighbor or context effects on specificity, making it 
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possible to generate custom TAL effectors with desired specificities by assembling a 
CRR with an RVD sequence that corresponds to the intended target site [e.g., 6].  
Custom TAL effectors as transcription factors have been used to activate 
transcription of specific genes in plant and animal cells, using either the native TAL 
effector activation domain or replacing it with the VP16 activation domain from herpes 
simplex virus or its tetrameric derivative VP64 [7-10]. Targeted gene repression using 
custom TAL effectors has also been demonstrated, either by simply removing the 
activation domain or replacing it with a repressor domain [11-13]. TAL effectors fused 
to the catalytic domain of the endonuclease FokI have been used extensively for genome 
editing. These TAL effector-nucleases [TALENs; 14], which function as paired 
monomers facing one another on opposite strands of the DNA, create double strand 
breaks (DSBs) precisely targeted to a short spacer between the two TAL effector binding 
sites [7,14-16]. In eukaryotic cells, such DSBs are subsequently repaired by either non-
homologous end joining (NHEJ), which often creates short indels and can be used for 
targeted gene knockouts, or by homology directed repair (HDR), which can be used to 
make specific sequence changes or insert new DNA [17-19]. TALEN-mediated NHEJ 
and HDR have been demonstrated in a wide variety of cell types and organisms 
[reviewed in 1,20].  
Despite the broad utility of custom TAL effectors, however, TAL effector 
targeting appears to be constrained by a general requirement for the EBE to be directly 
preceded (5’) by a thymine (T). The T at this “0th” position (T0) is found in all but one of 
the known TAL effector binding sites in nature [2,3], and in the few studied cases, 
replacing it with another base has been shown to dramatically reduce or eliminate TAL 
effector-driven gene activation as well as DNA binding [3,21,22]. The single known 
natural TAL effector EBE without a T at base 0, in the promoter of the rice gene 
OsSWEET14 and targeted by TalC of X. oryzae, has a cytosine instead, and although the 
effect of substituting a T has not been tested directly, a perfect match EBE for TalC, with 
a T at base 0 and corrected mismatches at two other locations indeed showed higher 
activity [23]. Similarly, functional TALENs targeting sites with nucleotides other than T 
at position 0 have been reported, but their activity was not compared to equivalent targets 
with a T [7,24,25]. Due to the apparent requirement of the 0th position T for maximal 
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TAL effector activity and binding, target sites for custom TAL effectors and TALENs 
have typically been selected with this constraint. 
An explanation for the requirement for the 0th position T was suggested by the 
crystal structure of X. oryzae TAL effector PthXo1 bound to its DNA target. This 
structure included two previously unrecognized cryptic repeats (designated the 0th and -
1st repeats) located immediately N-terminal to the CRR that are similar in structure but 
dissimilar in sequence to the canonical repeats that encode the EBE. A tryptophan 
located in the -1st repeat (W232), was revealed to be in close proximity to T0 and to form 
energetically favorable, base-specific van der Waals contacts with the methyl group of 
the base [4]. Although no other well-ordered, high resolution structures for the -1st repeat 
region of a TAL effector bound to its DNA target have been reported, the role of W232 
in specifying the 0th position T is further supported by the structure of artificial TAL 
effector dHAX3 bound to a DNA-RNA hybrid [5], and by the unbound structure of 
artificial TAL effector dTALE2 [26], both of which show virtually no structural 
deviation from PthXo1 in the vicinity of W232 (Figure 1). Additionally, W232 and its 
surrounding residues are highly conserved in Xanthomonas TAL effector sequences, 
consistent with W232 playing an important role in TAL effector-DNA binding by 
encoding the conserved T at base 0 of natural EBEs. Truncation studies found that the 
portion of the TAL effector comprising repeats -1 and 0 is necessary for activity of both 
TAL effectors and TALENs [8,14,27], suggesting that these cryptic repeats are critical 
for TAL effector-DNA binding and further substantiating the hypothesis that specific 
engagement of T0 by W232 is important. 
Here we report on a series of experiments to test directly whether the requirement 
for the 0th position T depends on W232, and whether modifications of this position could 
enhance TAL effector-DNA targeting capacity by relaxing this requirement. Because the 
importance of the cryptic repeats in the N terminus prevents simply removing this 
portion of the protein to create TAL effectors (or TALENs) that have no requirement for 
T at the 0th position, we sought to identify single amino acid substitutions for W232 that 
would relax or alter specificity for that base while retaining activity similar to wild-type. 
For additional insight into base 0 specificity, we also examined the behavior of a 
chimeric protein consisting of a TAL effector CRR and C-terminus joined to the N-
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terminus of a Ralstonia TAL-like effector (RTL). RTLs, from the soil-borne, plant 
pathogenic bacterium Ralstonia solanacearum, are homologous with and functionally 
similar to TAL effectors, able to activate gene transcription and possessing CRRs 
composed of 35 amino acid repeats that, though divergent in overall sequence from TAL 
effector repeats [28,29], similarly mediate specific DNA recognition through RVDs [30]. 
Despite these marked similarities to TAL effectors, however, RTLs show sequence 
divergence throughout, and prefer targets with G at position 0 [30]. Our study reveals 
that W232 indeed specifies T0, but that effects of substitutions for W232 on base 0 
specificity are influenced in a complex way by the composition of the central repeats, the 
N-terminal context, and whether TAL effector or TALEN activity or DNA binding is 
measured. We conclude that development of TAL effectors and TAL effector-based 
proteins with relaxed or altered specificities for enhanced targeting capacity will require 
larger scale engineering of the cryptic repeats, informed by a better understanding of 
intramolecular influences of the CRR and potentially other regions. 
 
Materials and Methods 
Construction of TAL effector W232 substitution variants 
To generate PthXo1 TAL effector variants for Agrobacterium-mediated GUS 
reporter assays of activity, first the SphI fragment containing the repeat region of the 
gene encoding TAL effector PthXo1 (clone obtained from B. Yang, Iowa State 
University) was ligated into the SphI site of plasmid pCS466. pCS466 is a Gateway entry 
plasmid containing the X. oryzae pv. oryzicola tal1c gene, missing the SphI fragment that 
contains its CRR [31]. The resulting plasmid, pAH103, therefore encodes a full length 
TAL effector with the PthXo1 CRR. To make single amino acid substitutions for W232, 
the region of pAH103 surrounding W232 was amplified via PCR using forward primer 
P885 (5'-GCGTCGGCAAACAGGCGTCCGGCGCACGC-3') crossing a NotI site, and 
mutagenic reverse primers crossing a StuI site and each introducing a substitution at the 
codon for W232 and a silent XhoI site to facilitate screening (5’-
CGTGAGCAAGGCCTCCAGGGCTCGAGCGCCGGANNNCTGTTTGCCG-3’; Ns 
represent the codon at position 232, detailed in Supporting Table S1). PCR products 
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carrying the W232 substitutions were digested with NotI and StuI and swapped back into 
the pAH103 backbone between those sites. 
To generate TAL868 variants, a TALEN construct containing the TAL868 repeat 
sequence (Figure 2) that was constructed using our Golden Gate method [32] was 
digested with restriction enzymes StuI and AatII to release a 1.7 kb fragment containing  
 
 
Figure 1: Alignment of N-terminal portions of multiple TAL effector crystal structures shows a 
conserved conformation for W232 consistent with an important interaction with the 0th position T. 
The N terminus of TAL effector PthXo1 bound to its DNA target (PDB structure 3UGM) [4] is shown in 
blue, the N terminus of unbound artificial TAL effector dTALE2 (PDB structure 4HPZ) [26] in red, and 
the N terminus of artificial TAL effector dHAX3 bound to a DNA-RNA hybrid (PDB structure 4GG4) [5] 
in brown. DNA is from structure 3UGM. Side chains are shown for W232 as well as arginines at positions 
236 and 266, which make non-specific contacts to the nucleic acid backbone. T0, the 0th position thymine. 
G
-1, a guanine 5’ of T0. 
 
the repeat region. This fragment was then used to replace the PthXo1 CRR in pAH103 
W232 substitution variants cut with the same enzymes. For Agrobacterium-mediated 
transient expression, the PthXo1 and TAL868 constructs were moved into the binary 
vector pGWB5 [33] using Gateway LR Clonase II (Life Technologies) according to 
manufacturer instructions. 
R236
W232
R266
G
-1
T0
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Construction of chimeric TAL effector RTL-PthXo1 
DNA encoding a Ralstonia TAL-like effector N-terminal sequence was PCR-
amplified with Phusion DNA polymerase (Thermo Fisher Scientific) from R. 
solanacearum GMI1000 genomic DNA (gift of D. Gross, University of Georgia) with 
forward primer P1178 (5’-
TTGCATGTAAATAGGAGGTGCACCATGAGAATAGGCAAATCAAG-3’), which 
added sequence upstream of the start codon to match that of the Xanthomonas TAL 
effector expression constructs, and P1179 (5’-
GAGACTCGTCTCGGCACGCGTGAGCTTCC-3’), which added a downstream Esp3I 
restriction site for cloning. This amplicon was tailed with 3’ adenine at each end using 
Taq Polymerase (Thermo Fisher Scientific) and cloned into the pCR8/GW/TOPO TA 
vector (Life Technologies). The cloned sequence was then released with Esp3I and 
EcoRV and substituted for the BanI-EcoRV fragment of pAH103 to produce a full-
length, Gateway-ready Ralstonia-Xanthomonas chimeric TAL effector construct in the 
Gateway entry vector, designated pAH410. Amino acid substitution variants of the 
chimeric effector construct were generated similarly to those for PthXo1 by PCR-
amplifying a portion of the Ralstonia sequence using forward primer P1178 and a 
different mutagenic primer for each of five different amino acid substitutions at R298 
(5’- CGGGTAGCAGCGCTTGCAGCGCCAGGTCACCCGANNNCTGC-3’, where Ns 
represent the codon for the amino acid at 298; full list in Supporting Table S2). PCR 
amplifications were done using Phusion DNA polymerase (New England Biolabs, Inc.). 
Each amplicon was digested with AfeI and BsaI and swapped back in between those sites 
in pAH410. The chimeric effector and amino acid substitution variants were transferred 
to the binary expression vector pGWB5 [33] via the Gateway LR II Clonase enzyme kit 
(Life Technologies) for use in GUS assays. 
 
GUS assay of TAL effector activity 
Construction of GUS reporter plasmids 
For GUS reporter constructs, a 343 bp fragment of the Bs3 promoter [21] was 
PCR amplified and ligated into the Gateway vector pCR8/GW/TOPO TA (Life 
Technologies), and site-directed mutagenesis was used to introduce an AscI site upstream 
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of the naturally occurring binding site for TAL effector AvrBs3. This modified promoter 
was recombined into the Gateway GUS reporter vector pGWB3 [33] upstream of the 
GUS gene using LR Clonase II (Life Technologies). Single-stranded DNA 
oligonucleotides containing the naturally occurring effector binding element (EBE) for 
PthXo1 (EBE_PthXo1) [2] or the TAL868 EBE (EBE_868) with A, G, C, or T at the 0th 
position and with AscI-compatible ends (Supporting Table S3) were annealed and ligated 
into the AscI site. 
 
Quantification of GUS activity 
To measure TAL effector activity, TAL effector and reporter constructs were 
transformed into A. tumefaciens GV3101. Cells were grown overnight and diluted to 
OD600 = 0.8 in infiltration buffer (10 mM MgCl2, 5 mM MES pH 5.3, 200 µM 
acetosyringone). Cells carrying TAL effector constructs and cells carrying GUS reporter 
constructs were mixed 1:1 and infiltrated into the leaves of 6-8 week old Nicotiana 
benthamiana plants using a needleless syringe, and infiltrated areas were marked. After 
48 hours GUS measurements were carried out based on a previously described protocol 
[34]. GUS activity was recorded as specific activity, calculated in relation to total 
protein, which was measured by Bradford assay (Bio-Rad). 
 
Experimental design and initial screening of PthXo1 W232 substitution variants 
During a single GUS experiment, TAL effector and reporter constructs were co-
infiltrated into leaves on each of five different N. benthamiana plants for a total of five 
different measurements (leaf disks) per TAL effector-target combination per experiment. 
Each experiment included one to three TAL effector constructs co-delivered individually 
with each of the four corresponding target reporter constructs (differing at the position 0 
base). In addition, all experiments included the target reporter construct with T at base 0 
infiltrated alone as a negative control, and that reporter co-delivered with the 
corresponding wild type (W232) TAL effector construct as a positive control. 
For initial screening, each of the 19 PthXo1 W232 substitution constructs was 
tested against all four EBE_PthXo1 targets in at least one experiment. Within each 
experiment, GUS activity for each treatment (a TAL effector co-delivered with a target) 
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was reported as the average of three leaf discs (high and low measurements were thrown 
out). To facilitate comparisons across experiments, which were conducted on different 
days and using different plants, data within each experiment were normalized to the 
positive control.  
Following the initial screening of PthXo1 mutants, the activity of five W232 
substitution variants (selected based on the initial screening results) against EBE_PthXo1 
with A, C, G, or T in position 0 was reassessed. Each variant was tested in at least three 
experiments, with different experiments carried out on different days. GUS assays were 
repeated in the same way for the five W232 substitution variants of TAL868.  The 
additional PthXo1 experiments and the TAL868 experiments were carried out as 
described above; however, GUS activity measurements for all five leaf discs were 
retained and a mixed linear model analysis was carried out to discern significant effects 
(see below). 
 
Mixed linear modeling of GUS activity 
Because GUS assay results varied across replicates on different plants and across 
experiments, a mixed linear model was fit to the GUS activity data using the R package 
lme4.  This model included fixed effects for treatment (each co-delivered TAL effector-
target combination was considered to be one treatment) and random effects for 
experiment (day) and plant. GUS activity reported for individual leaf disks was treated as 
the response variable.  All five leaf disk measurements for each treatment as well as the 
positive and negative controls from the corresponding experiments were included in the 
model. Similar to a linear regression, fitting the mixed linear model allowed computation 
of a single estimate of the expected value of the effects of each treatment on GUS 
activity, independent of the effects of differing plants or experimental days. To identify 
significant differences between the effects of treatments on GUS activity, differences 
between the estimated treatment effects and p-values for those differences were 
computed using a general linear hypothesis (function glht from the R package multcomp) 
to test the null hypothesis that the effect of Treatment 1 on GUS activity is equal to the 
effect of Treatment 2 (see below and example R code in the Supporting Information). 
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First, the difference in GUS activity between the negative control and each W232 
substitution was estimated using contrast statements and the glht method to test the null 
hypothesis that activity of the appropriate negative control (either EBE_PthXo1-T or 
EBE_868-T with no TAL effector) was equal to the activity of a treatment. The test was 
performed for each treatment (a TAL effector W232 substitution variant co-delivered 
with a single target reporter construct) individually. The estimated differences between 
each treatment and the negative control and standard errors for those differences were 
then normalized to the estimated difference in effect size between the corresponding 
positive (EBE_PthXo1-T + PthXo1 W232 or EBE_868-T + TAL868 W232) and 
negative control for plotting. 
To compare activity of the W232 substitutions on different targets with the 
activity of the (unsubstituted) type TAL effector on the target with T at position 0, the 
same mixed linear model and method was used to test for differences between the effect 
of each W232 TAL effector variant on each target (A, C, G, or T at base 0) individually 
and the corresponding wild type TAL effector on the target with T at position 0 (i.e., four 
tests per W232 substitution variant).  For each individual treatment, the null hypothesis 
tested stated that effect of the treatment on GUS activity was equal to the effect on 
activity of the corresponding wild type TAL effector co-delivered with the target with T 
in the 0th position.  
Finally, the W232 substitutions were tested for altered or relaxed specificity for 
the 0th position T. For each W232 substitution variant, the null hypothesis was that the 
effect on GUS activity of the substitution variant co-delivered with the target with A, C, 
or G in the 0th position was equal to the effect of the same W232 substitution on the 
target with T in the 0th position (targets with A, C, and G at position 0 were tested 
individually, for a total of 3 tests per substitution variant). Estimated differences in effect 
sizes and p-values for all tests are reported in the Supporting Information. 
 
TALEN assays 
 We used a previously described yeast-based single-strand annealing assay of 
TALEN activity [32,35] to test the effects of substitutions for W232 on PthXo1 and 
TAL868-based TALENs. Briefly, a mating-type cells containing TALEN expressing 
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plasmid were mated to α mating-type cells containing target plasmids. Cleavage of the 
target plasmid results in reconstitution of a functional lacZ gene, providing a quantitative 
measurement of TALEN activity. All data were normalized to the wild type (W232) 
TALEN on the target with 5’ T. Data represent the averages of at least five replicates. 
Experiments were repeated twice. TALEN constructs were made by assembling repeats 
for a PthXo1 equivalent (Figure 4a) or for TAL868 (Figure 2c) into pZHY500 [36] and 
each of five W232 substitution derivatives of that vector. The constructs were assembled 
by the Golden Gate method [6], using RVDs HD, NG, NI, and NN to exactly match the 
corresponding targets. The PthXo1 equivalent therefore varies slightly from the wild 
type PthXo1, which contains some less common RVDs and some RVDs mismatched to 
the target. The pZHY500 derivatives were made by amplifying a fragment of the TAL 
effector backbone construct in that vector spanning the W232 codon, using forward 
primer 5’-GGACGCAAGTGGTTGGTCTAGAATGGTGG-3’ and each of five 
mutagenic reverse primers (5’-
CCTCCAGGGCGCGTGCGCCGGANNNCTGTTTGCCGACGCC-3’, where Ns 
represent the codon corresponding to W232, detailed in Supporting Table S4). PCR 
products were digested with XbaI and StuI and swapped in between those sites in 
pZHY500 (or pZHY501, which differs only by the yeast marker used) [36]. Target 
plasmids were constructed as previously described [6], using homodimeric target sites 
consisting of EBE_PthXo1 or EBE_868 (Figure 2) with A, C, G, or T at position 0.  
 
TAL effector DNA binding affinity assays 
Expression and purification of recombinant TAL effector proteins 
A bacterial expression vector pGEX6P2-TALE was created by ligating a Golden 
Gate compatible TAL effector backbone construct truncated 5’ at codon 152 and 3’ at 
codon 63 following the repeat region into pGEX6P2 (GE Healthcare). Variants with 
substitutions at W232 were created by site-directed mutagenesis (Quickchange II, 
Agilent) using the same method and primers described above for the TALEN yeast 
assays (Supporting Table S4). Repeats for PthXo1 and TAL868 were assembled into 
pGEX6P2-TALE and each of the substitution derivatives using the Golden Gate method 
as previously described [32]. These expression constructs were then transformed into 
 104 
Rosetta (DE3) pLysS cells (EMD Millipore) and selected on media containing 
carbenicillin (50 µg/ml) and chloramphenicol (30 µg/ml). 200 mL cultures were grown 
to log phase at 37°C before induction for 3 hours with 1 mM IPTG. The cells were 
pelleted by centrifugation and lysed in GST lysis buffer (25 mM HEPES pH 7.4, 150 
mM NaCl, 5 mM MgCl2, 130 µM CaCl2, 0.5% Triton X-100, 10% glycerol, 1 mM 
PMSF, 1 µg/mL Leupeptin, 100 nM Aprotinin, 1 µg/mL Pepstatin A). The lysates were 
treated with RNase A (20 µg/mL) and DNase I (10 U/mL), clarified by centrifugation 
(21,000 x g, 10 minutes), and then loaded onto a column containing equilibrated 
Glutathione Sepharose (GE Healthcare). The columns were washed with GST lysis 
buffer and subsequently by cleavage buffer (50 mM Tris-HCl pH 8.0, 1 mM EDTA, 1 
mM DTT, 10% glycerol). Elution of untagged purified TAL effector protein was 
performed by overnight incubation at 4°C with PreScission protease (GE Healthcare). 
Eluted TAL effector proteins, separated by electrophoresis and stained with Coomassie 
blue, were stable and uniformly >95% pure (Supporting Figure S1), so subsequent 
quantification was performed by Bradford assay (Bio-Rad).  
 
Electrophoretic mobility shift assay (EMSA) 
Double stranded DNA substrates were prepared by annealing fluorescently 
tagged complementary oligonucleotides. Sequences for substrates used were 5′- 
tggacacgacttgagcNACGTTAATGGAAGCTcgtagtgctgtgctga-3’ with N=A for 
EBE_868-A, N=C for EBE-868-C, N=G for EBE_868-G, and N=T for EBE_868-T, or 
5′- tggacacgacttgagcTCGACGCTCAGGCAACcgtagtgctgtgctga-3’ for the scrambled 
target. Purified proteins were diluted into binding buffer (10 mM HEPES pH 7.6, 10% 
glycerol, 100 mM KCl, 10 mM MgCl2, 100 µM EDTA, 500 µ M DTT, 15 ng/µL salmon 
sperm DNA, 30 ng/µL BSA) at varying concentrations (500, 250, 125, 62.5, 31.25, 
15.625, 7.1825, and 0 nM), with a fixed concentration of the labeled DNA substrate (20 
nM). The reactions were incubated for 30 minutes at room temperature and then 
separated by electrophoresis on a 7% TBE-acrylamide gel. Detection of the labeled 
substrate was then performed on a fluorescence scanner (Storm 860, Molecular 
Dynamics). 
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Structural predictions 
 DNA binding specificity calculations were performed for wild type and all 19 
canonical amino acid variants using the molecular modeling package Rosetta [37]. The 
structure of PthXo1 bound to its natural target site (PDB ID: 3UGM) was used as a 
modeling template. Two levels of conformational sampling were explored, either 
keeping the protein backbone completely fixed or allowing limited flexibility in the 
neighborhood of W232. Each variant was simulated in complex with 16 different DNA 
target sites that sampled all possible DNA sequences at positions 0 (the canonical T 
position) and -1 (also contacted by W232 in the crystal structure). At the end of each 
simulation, a binding energy for the final structure was computed by taking the 
difference between the energy of the complex and the energies of the unbound partners, 
allowing limited conformational relaxation in the unbound state prior to computing the 
unbound energies. 
 
Results 
Single amino acid substitutions for W232 alter target specificity and activity of a 
TAL effector with the repeat region of PthXo1  
To test whether W232 accounts for TAL effector specificity for T at the 0th 
position of the binding site, we generated a full length TAL effector construct encoding 
the repeat region of X. oryzae TAL effector PthXo1 (Figure 2) (see Materials and 
Methods; for simplicity hereafter referred to PthXo1) with the wild type W232 as well as 
variants with all 19 possible single amino acid substitutions at this position. We then 
tested the ability of the PthXo1 W232 substitution variants, in an Agrobacterium-
mediated transient expression assay in N. benthamiana leaves, to activate transcription of 
a GUS reporter gene cloned downstream of a minimal promoter (see Materials and 
Methods) containing the PthXo1 effector binding element (EBE) with the 0th position 
thymine (EBE_PthXo1-T), or variants with adenine, cytosine, or guanine as base 0 
(EBE_PthXo1-A, EBE_PthXo1-C, and EBE_PthXo1-G). In this and all other PthXo1 
experiments presented in this article, the EBE used is the one found in the natural target 
of PthXo1, the rice Os8N3 gene [38,39], which harbors 4 mismatches to the native 
PthXo1 RVD sequence (Figure 2).  
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In an initial screen, all 19 substitutions for W232 appeared to alter specificity for 
the 0th position T, showing highest activity on a target with A, C, or G at that position 
instead of T, or showing nearly equal activity on all targets (Supporting Figure S2). 
Many of the substitutions reduced activity to less than half that of PthXo1 W232 on the 
target EBE_PthXo1-T. However, the arginine (W232R), asparagine (W232N), glutamine 
(W232Q), proline (W232P), and threonine (W232T) substitutions appeared to alter or 
relax specificity for T at the 0th position while maintaining relatively high levels of 
activity. We selected these substitutions to characterize further. 
 
The effects of W232 substitutions on TAL effector activity and specificity at the 0th 
position depend on the CRR 
 To confirm the results of the initial screen and to next determine whether the 
effects of W232 substitutions on specificity and activity depend on the composition of 
the TAL effector CRR, we repeated the activation assays with the five selected PthXo1 
substitution variants and made and tested equivalent constructs for a second TAL 
effector, TAL868 (Figure 2), using variants of its (perfect match) EBE each with a 
different base at position 0 (EBE_868-A, EBE_868-C, EBE_868-G, and EBE_868-T). 
The TAL868 CRR differs in both RVD sequence and repeat number from that of 
PthXo1. Assays were carried out with replicates within an experiment done on different 
plants and with independent experiments done on different days. 
Relative activity of the various TAL effector constructs on each of the corresponding 
promoters varied both within experiments (across plants used) and across experiments. 
To discern significant differences among the tested combinations, we constructed a 
mixed linear model for analysis (see Materials and Methods). The model used measured 
GUS activity as the response variable, and included fixed effects for treatment (a TAL 
effector and promoter combination) and random effects for plant and experiment. Similar 
to a linear regression, fitting this model allowed estimation of the effects of individual 
treatments (a co-delivered TAL effector-reporter combination was considered to be a 
treatment) on GUS activity independent of the effects of plant or experiment day.  The 
model also allowed us to estimate differences in effects on GUS activity between 
treatments and to test for significant differences between treatments with a general linear  
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Figure 2: Activity of TAL effectors with selected single amino acid substitutions for W232 on targets 
with A, C, G, or T at the 0th position. A. Schematic of a TAL effector with the -1st and 0th repeats and the 
central repeat region (CRR) labeled. The amino acid sequence of the -1st repeat is shown below; W232 is 
shown in bold. B. Effects of PthXo1 W232 substitution and target combinations (treatment) on activity. 
Shown at top are the PthXo1 RVD and EBE sequences. X marks the 0th position. Activity was measured in 
an Agrobacterium-mediated transient expression assay in Nicotiana benthamiana leaves, using a GUS 
reporter gene cloned downstream of a minimal promoter (see Materials and Methods) containing a PthXo1 
EBE with the 0th position thymine (EBE_PthXo1-T), or variants with adenine, cytosine, or guanine as base 
0 (EBE_PthXo1-A, EBE_PthXo1-C, and EBE_PthXo1-G, and respectively). Treatment effects were 
estimated using a mixed linear model to account for variation due to experiment and replicate effects (see 
Materials and Methods). Effects were computed relative to the negative control EBE_PthXo1-T with no 
TAL effector and normalized to the effect of wild type PthXo1 (W232) on EBE_PthXo1-T. Bars indicate 
one standard deviation. C. Effects of TAL868 W232 substitution and target combinations on activity, as in 
B. Shown at top are the TAL868 RVD and EBE sequences. X marks the 0th position.
 
hypothesis test (Materials and Methods). 
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Using this model, we estimated the effect on GUS activity of each W232 
substitution co-delivered with each of the four targets, relative to the corresponding 
negative control, by estimating the difference between the effect sizes of the two 
treatments (Supporting Table S5). We then tested for differences between the estimated 
effects on GUS activity of each W232 substitution variant on each of the four targets and 
the wild type TAL effector on the T target to examine activity in relation to “normal” 
(individual general linear hypothesis tests were carried out for the W232 substitution 
variant on each target; Supporting Table S6).  Finally, we identified changes in 0th 
position specificity by comparing activity of each TAL effector on the A, C, or G target 
to its activity on the T target (Supporting Table S7), and examining differences in the 
patterns of activity compared to that of the unsubstituted TAL effector.  
Both TAL effectors showed highest mean activity on their target with T at the 0th 
position, though using a p-value cutoff of 0.05, this was significant only for TAL868 
(Supporting Table S7). In general, W232 substitutions showed relaxed or altered 
specificity for base 0. However, changes to base 0 preference, or to activity, caused by a 
substitution differed between the two TAL effectors (Figure 2 and Supporting Tables S5-
S7).  
For example (at p<0.05 unless otherwise noted), in the context of PthXo1 
W232Q shifted specificity for base 0 to G (Supporting Table S7) and showed activity on 
that target nearly 2.5 times higher than activity of wild type PthXo1 on EBE_PthXo1-T; 
Figure 2 and Supporting Table S6), while in the context of TAL868 it relaxed specificity 
entirely (activity on targets with 0th position A, C, or G was not significantly different 
from activity on the target with T at position 0; Supporting Table S7) but reduced overall 
activity relative to TAL868 on EBE_868-T (the reduction was significant for the A and 
C targets; Supporting Table S6). W232R in PthXo1 showed a significant preference for 
the A target (p<0.05), with an apparent mean activity level nearly twice that of normal 
(p=0.582). In TAL868, however, this substitution relaxed specificity while maintaining 
near normal activity across all targets. Finally, W232N and W232T relaxed specificity in 
both TAL effectors (Supporting Table S7) and reduced activity, but the degree of 
reduction differed between the two TAL effector contexts (Figure 2 and Supporting 
Table S6). Altogether, the results indicate an effect of the TAL effector CRR (the only 
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difference between PthXo1 and TAL868), and by extension the target EBE sequence, on 
the behavior of variants with substitutions at W232 with regard to specificity and 
activity. 
 
Effects of W232 substitution on activity and specificity are different in TALENs 
compared to TAL effectors 
 Because TALENs have rapidly become the most widely used application of 
custom TAL effectors, we next asked whether the observations we made regarding 
W232 substitutions in TAL effectors in the activation assay hold for TALENs in a yeast-
based single-strand annealing assay of DNA cleavage activity [14]. In this assay the two 
monomers that make up a TALEN bind a pair of EBEs on opposing strands and 
separated by a short spacer, all between two partially duplicated terminal fragments of 
lacZ. This brings the nuclease domains together to cleave the spacer, stimulating 
recombinational restoration of lacZ by single strand annealing for a quantifiable readout 
(-galactosidase activity) that serves as a proxy for TALEN DNA cleavage activity. We 
generated homomeric PthXo1- or TAL868-based TALEN pairs, and variants with each 
of the five substitutions tested above, and assayed their activity on targets with 
corresponding paired identical EBEs with A, C, G, or T at the 0th position (Figure 3 and 
Supporting Table S8). The TALENs were assembled by our previously reported golden 
gate method using RVDs HD, NG, NI, and NN to match the corresponding EBE [6]. The 
CRR of the PthXo1 TALEN (Figure 3A) therefore differs slightly from the naturally 
occurring one used in the TAL effector assay described above, which in addition to the 
mismatches, contains some less common RVDs. The TAL effector domains in both 
TALENs (see Materials and Methods) correspond to the “Miller et al.” architecture [7], 
which, though truncated at both ends, contains the 0 and -1 repeats, as well as two 
additional cryptic repeats, -2 and -3, that complete the structurally well-ordered portion 
of the N-terminus that is involved in DNA binding [40] 
 As expected, highest mean activity for both TALENs with W232 was on the 
targets with a T at the 0th positions, though this preference was not statistically 
significant for TAL868 (Supporting Table S8). All of the W232 substitution variants for 
the PthXo1 TALEN also showed a preference for EBE_PthXo1-T, which was significant 
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(p<0.05), but all but W232T were less active (Figure 3A). In the TAL868 context, the 
data were more variable, but each W232 substitution altered the pattern of activity on the 
different targets (Figure 3B). W232P in TAL868 showed no significant 0th base 
preference and W232R a slight preference for A (p<0.05), but neither showed activity 
(on any target) greater than 60% of the activity of the W232 TALEN on EBE_868-T. 
W232N, W232Q, and W232T in TAL868 showed a different pattern, with highest mean 
activity of each being on the target preceded by C and lowest on A. The disfavor for A 
was significant for each variant but the preference for C was significant only for TAL868 
W232T (p<0.05). The highest activity of each (on the target with C at position 0) was not 
significantly different from that of the unsubstituted TALEN on EBE_868-T. Overall 
then, the tested W232 substitutions in TALENs had either a negative or no affect on 
activity, and their effects on specificity were different from those observed in the 
activation assay. However, as in the activation assay, effects on both activity and 
specificity were influenced by the CRR. 
 
Substitutions for W232 in TAL868 reduce base 0 specificity and overall affinity in a 
DNA binding assay 
 Using an electrophoretic mobility shift assay (EMSA), we next tested whether the 
effects of W232 substitutions on TAL effector or TALEN activity and binding site 
specificity are directly related to changes in TAL effector-DNA binding affinity. We 
assembled the PthXo1 and TAL 868 CRRs into a tagged backbone construct for 
expression and purification that spans the portion of the TAL effector used in the 
TALEN constructs (see Materials and Methods). We were unable to obtain sufficient  
soluble PthXo1 protein for the EMSA, however TAL868 expressed well and was stable 
(Supporting Figure S1), so we made an additional TAL868 expression construct for each 
of the five substitution variants we had characterized in the TAL effector and TALEN 
activity assays. Each of these variant TAL868 proteins expressed similarly to the 
unsubstituted protein (Supporting Figure S1). The purified proteins were mixed 
individually with double stranded oligonucleotides comprising EBE_868-A, EBE_868-
C, EBE_868-G, or EBE_868-T, over a range of protein concentrations, and the 
concentration at which the mobility of the DNA shifted was assessed to estimate 
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affinities (Kd) (Figure 4). As expected, the TAL868 protein with the native W232 
showed strongest affinity for EBE_868-T (Kd approximately 50 nM, within the range 
reported for other TAL effectors in another recent study [41]). Each W232 substitution 
variant showed a similar preference for T, but affinity of each for EBE_868-T was  
 
Figure 3: Activity of TALENs with selected single amino acid substitutions for W232 on targets with 
A, C, G, or T at the 0th position. A. RVD sequence of the golden gate-assembled PthXo1 equivalent and 
nucleotide sequence of the PthXo1 EBE. X marks the 0th position. B. Activity of TALENs with the PthXo1 
equivalent RVD sequence, in a yeast single strand annealing assay [14]. EBE_PthXo1-A, EBE_PthXo1-C, 
EBE_PthXo1-G, and EBE_PthXo1-T indicate activity on targets with paired PthXo1 EBEs each with A, C, 
G, or T at the 0th position, respectively. Data are normalized to PthXo1 on EBE_PthXo1-T. Values are the 
mean of seven or more replicates. Error bars represent s.d. See Supporting Table S8 for p-values. 
reduced relative to the W232 protein, and the preference for T was less pronounced. 
These changes in binding affinity and specificity do not match the changes in activity 
and specificity observed in the TAL effector and TALEN activity assays. Because we 
could not purify sufficient PthXo1, whether the effects of the substitutions on DNA 
binding are influenced by the composition of the CRR (or target) remains to be tested.  
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W232-equivalent substitutions in a chimeric RTL-TAL effector reveal an influence 
of N terminal sequence context on specificity for base 0  
 Because our results in both the TAL effector and TALEN activity assays showed 
that base 0 specificity and activity of W232 substitution variants depend on the 
downstream CRR, we wanted to know whether N-terminal sequence differences 
surrounding W232 also could have an effect. To address this question, we chose to 
examine base 0 specificity of an RTL-TAL effector chimera created by replacing the N 
terminus of PthXo1 up to its (native, not Golden Gate-assembled) CRR with a 
corresponding fragment of RTL RSc1815 (GenBank ID CAD15517.1) [28] (Figure 5 
and Supporting Table S9). Amino acid sequence alignment of three complete RTL 
sequences with PthXo1 (Supporting Figure S3) and predictions of secondary structures 
(Supporting Figure S4) indicated high similarity throughout the N terminal region. The 
residues immediately on either side of W232 in PthXo1 are conserved in the RTLs, but 
W232 itself aligns with an arginine (R298 in Rsc1815). The N termini each are predicted 
to form six helices, with four helices corresponding approximately to the -1st and 0th 
repeats of PthXo1. W232 in PthXo1 and the equivalent arginine in the RTLs are located 
on a short loop between the two helices that make up the -1st repeat in each protein. In 
the GUS assay, the activity of the RTL-PthXo1 chimera was almost an order of 
magnitude lower than that of PthXo1, but the chimera showed a strong preference for G 
at the 0th position (p<0.05). This preference agrees with a recent study of full length 
RTLs [30]. Notably, it contrasts with the result of W232R in PthXo1, which was 
preference for A. It also differs from the result of W232R in TAL868, which was a 
relaxation of specificity. We next assayed the effect of substituting tryptophan, 
asparagine, proline, glutamine, or threonine for R298 in the RTL-PthXo1 chimera. Each 
substitution, including the tryptophan, reduced activity to background levels. Thus, in 
addition to CRR composition, the N-terminal context influences the function of the 
W232 equivalent residue in determining TAL effector specificity for the 0th position 
base. 
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Figure 4: Relative binding affinities of TAL868 and selected W232 substitution variants for the 
TAL868 target DNA with T, A, C, or G at the 0th position. A. Electrophoretic mobility shift assay of 
labeled TAL868 target DNA with T, A, C, or G in the 0th position, or a scrambled target, (as labeled at top) 
following incubation with increasing amounts (left to right) of TAL868 (W232) or selected W232 
substitution variants, as labeled. Bands across the bottom represent unbound DNA. The next bands up 
represent DNA bound by the TAL effector. The uppermost bands represent higher order complexes. DNA 
bound at lower protein concentrations indicates higher affinity. B. Results from A, reported as the fraction 
of DNA bound by the protein, estimated by band densitometric analysis. 
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Structural models of W232 substitutions predict W232 and W232R as most 
energetically favorable  
To better understand the context-dependent effects of W232 substitutions on TAL 
effector activity and specificity, using the solved crystal structure of PthXo1 bound to its 
target [4], we built structural models for all 20 amino acids at position 232 and calculated 
binding profiles for each in association with each of 16 DNA targets representing all 
possible nucleotide combinations at positions 0 and -1 (the base 5’ to position 0 that also 
makes contact to W232 in the PthXo1 structure). Representative models are depicted in 
Figure 6. We explored two levels of conformational flexibility, either keeping the protein 
backbone completely fixed or allowing limited flexibility in the neighborhood of the 
mutation (see Materials and Methods). In the fixed-backbone simulations, W232 in 
complex with a T at position 0 yielded the highest predicted binding affinity overall 
(Figure 6A), followed by non-polar substitutions (isoleucine and valine) that maintained 
packing against the T0 methyl group. We did not see a strong dependence of binding 
energy on position -1, although some substitutions appeared to disfavor T at -1, likely 
due to steric clashes. We saw a different profile of binding energies in the flexible 
backbone simulations, with arginine, followed by other polar amino acids (lysine and 
glutamine), yielding the highest binding affinities, but still generally preferring T at 
position 0. Examination of the flexible backbone models revealed that contacts to the 
DNA phosphate backbone predominated, with protein backbone shifts allowing the 
mutated side chains to form hydrogen bonds to phosphate oxygen atoms (Figure 6B and 
D). In addition, several of the flexible backbone models, like the solved PthXo1 
structure, show the side chain of the amino acid at position 232 in close proximity to, and 
possibly interacting with base -1 (Figure 6). These contacts were also observed in the 
fixed backbone models, although they were slightly less pronounced. Overall, both sets 
of models suggest that portions of the TAL effector N terminus near W232 may 
influence interaction with the 0th position base and that the neighboring base may also 
affect 0th position specificity. The models are therefore consistent with our experimental 
observations that TAL effector activity and specificity depend on CRR (and target) 
composition and N terminal context. 
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Discussion 
 We carried out a set of experiments to establish whether the requirement for T in 
position 0 of TAL effector EBEs indeed depends on W232, as suggested by structural 
data.  In particular, we sought to identify single amino acid substitutions for W232 that  
 
Figure 5: Activity of chimeric TAL effector RTL-PthXo1 with single amino acid substitutions for 
R298 on targets with A, C, G, or T at the 0th position. A. Schematic of the chimeric TAL effector RTL-
PthXo1 with the -1st and 0th repeats and the central repeat region (CRR) labeled, and showing the RSc1815 
-1st repeat sequence. RTL-PthXo1 was created by replacing the N terminal region immediately upstream 
of the CRR of our PthXo1 construct with the N terminal region of RTL RSc1815 (shown in red). The 
arginine (R) in the RTL that aligns to W232 is shown in large bold font. Numbers indicate positions in the 
RTL sequence. B. Left, activity of RTL-PthXo1 with the native arginine at position 298 (R298) and of 
variants with selected amino acid substitutions at that position (as labeled), measured in an Agrobacterium-
mediated transient expression assay in Nicotiana benthamiana leaves, using a GUS reporter gene cloned 
downstream of a minimal promoter (see Materials and Methods) containing the PthXo1 EBE with the 0th 
position thymine (EBE_PthXo1-T), or variants with adenine, cytosine, or guanine as base 0 
(EBE_PthXo1-A, EBE_PthXo1-C, and EBE_PthXo1-G, and respectively). Right, the same plot at a larger 
scale. Activity is normalized to the activity of PthXo1 on EBE_PthXo1-T, set to 1.0. Values are the mean 
of five replicates. Error bars represent s.d. See Supporting Table S9 for p-values. Experiments were 
repeated at least twice with similar results. 
would relax or alter position 0 specificity and maintain relatively high levels of activity.  
Tests of all 19 W232 substitution variants of TAL effector PthXo1 in a GUS reporter 
assay of TAL effector activity revealed that most substitutions altered specificity yet 
reduced activity, but some altered specificity while maintaining or increasing activity. 
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When the latter substitutions were tested in a second effector, TAL868, however, the 
effects were different, revealing that the effects of substitutions on activity and 0th 
position specificity depend on TAL effector context, specifically the composition of the 
CRR (or the corresponding RVD-encoded bases of the target).  This dependence on CRR 
composition was also evident in TALENs assayed in a yeast single strand annealing 
assay, but the TAL effector and TALEN assays themselves conflicted with regard to the 
changes in specificity and activity that resulted from each substitution, revealing a 
further effect of structural context or an effect of functional context. Additionally, in 
EMSAs of DNA binding by TAL868, the substitutions resulted in no detectable change 
to position 0 base preference, although some reduction of binding affinity to the 
preferred target (with T at base 0) was observed. So, the changes to activity and 
specificity observed in the TAL effector and TALEN activity assays were not readily 
explained in relation to apparent binding affinity. In addition to effects of CRR 
composition and functional context, we also discovered an influence of N-terminal 
context on specificity and activity, and on changes due to substitutions at the W232 or 
equivalent position, by using a chimeric RTL-PthXo1 chimeric construct.  The RTL N 
terminus, which has an arginine (R298) at the position equivalent to W232, changed the 
base 0 specificity to G, which was different from the specificity for A observed of 
PthXo1 with the W232R substitution. Further, substitutions at R298, even R298W, 
abolished activity. Our results provide the first experimental evidence that W232 
encodes the requirement for T0 in TAL effector binding sites.  They also reveal 
unexpected complexity, with the activity and 0th position specificity of W232 
substitution variants depending on TAL effector CRR and target composition, on 
whether TAL effector activity, TALEN activity, or DNA binding is assayed, and on the 
N-terminal sequence context of the substitutions. 
Dependence of the effects of W232 substitutions on the CRR may relate to 
differences throughout the CRR (or target), or to differences near the cryptic -1st and 0th 
repeats.   Recent evidence has shown that different RVDs have different relative 
contributions to apparent affinity [41,42]. It is possible that different content and 
distributions of strong- and weak-binding RVDs throughout the CRR could differentially 
affect the importance of strong interactions between the N terminus (including W232) 
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and position 0 of the EBE and thus allow more flexibility in the N terminal region in 
some instances that could result in different effects of the same substitution at W232. 
One model of TAL effector DNA binding proposes that the N terminal region with the 
cryptic repeats nucleates interaction with the DNA and that consecutive RVD-nucleotide 
 
 
Figure 6: Structural models for representative W232 substitutions. Models were built for all 20 
possible amino acids at position 232 with DNA target sites for all 16 nucleotide combinations at positions 
0 and -1. Panels A, B, C, and D depict the models for W232, W232R, W232P, and W232Q, respectively. 
The amino acid at position 232 is labeled using the single letter code. T0 and the nucleotide at position -1 
are also labeled. Models shown are of the DNA target with the highest predicted binding affinity for the 
corresponding W232 substitution, from the flexible backbone simulations. For these substitutions, 
differences between the fixed and flexible backbone models are slight. 
 
matches are responsible for target acquisition [43] In this scenario, differences 
particularly at the N terminal end of the CRR could differentially affect the relative 
importance of interactions of the N-terminus with the DNA. Or, the effect could be 
directly on the cryptic repeat conformations through interactions at the interface with the 
different proximal CRR repeats, which might have slightly different conformations 
depending on their RVDs. Differences in RVD and target site composition, whether 
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throughout the CRR or primarily at its N-terminal end, could also cause differential 
effects on TAL effector backbone conformation that through intramolecular forces subtly 
reshape the interaction of the N terminus with position 0. As noted, in our TAL effector 
activity assay we used the native PthXo1 CRR and its natural EBE, and the alignment of 
these contains several mismatches. In contrast, TAL868 is an artificial TAL effector and 
it was assayed on its perfect-match EBE. Therefore the differential effects discussed here 
may have been amplified by the differences in matching. A recent study found that the 
activity of TAL effector AvrBs3 on a naturally occurring EBE that has several 
mismatches was more sensitive to nucleotide substitutions for the 0th position T than an 
artificially assembled TAL effector engineered to exactly match that EBE [41]. 
Furthermore, the fact that TAL868 (16 RVDs) is shorter than PthXo1 (24 RVDs) might 
have contributed to the differential effects. One might expect a shorter TAL effector to 
be less tolerant of mismatches generally, including at base 0. The results for the 
unsubstituted TAL868 vs PthXo1 in the TAL effector assay are consistent with this. 
However, the correlation breaks down when all of the W232 substitution variants are 
considered (Figure 2). And in the TALEN assay (Figure 3), the unsubstituted TAL868 
appears to be more tolerant to base 0 mismatches than PthXo1. 
Regarding differences observed among the different types of assays we carried 
out, TAL effector activity, TALEN activity, and protein-DNA binding, several factors 
might provide explanation.  First, despite careful standardization of conditions and leaf 
age, we found the TAL effector activity assay to be highly variable, both within 
experiments (across replicates) and across experiments performed on different days.  
Although we accounted for this inherent variability by using a mixed linear model to 
separate treatment effects on activity from effects of other variables, and determine 
significance, the variability may have introduced artifacts.  Another factor that may 
explain the differing results is the differing construct architectures used in the different 
assays. While all proteins contained all four cryptic repeats that constitute the well 
ordered portion of the N terminus involved in DNA binding [40], the TAL effector assay 
used a full-length TAL effector, and the TALEN assays and EMSAs used a TAL effector 
partially truncated at the N and C termini.  Additionally, the TALEN constructs 
contained a C-terminal FokI catalytic domain fusion and an added N-terminal nuclear 
 119 
localization signal sequence. W232 substitutions may differentially affect the rates at 
which these slightly different proteins bind to and release their DNA targets, affecting 
activity (or affinity) differently. Or, the substitutions may cause different shifts in 
structure in the different architectures, differentially affecting specificity for base 0. 
Conversely, similar changes in structure could have differential effects on the different 
assay readouts. For example, a specific substitution might alter the interaction of the 
TAL effector with the host transcriptional machinery, but have no effect on DNA 
binding, or in the TALEN context, on DNA cleavage. A third factor that might explain 
the conflicting results across assays might be differences in EBE context, especially the 
base at position -1 (directly 5’ to position 0). This base contacts W232 in the bound 
PthXo1 structure, and could conceivably affect the behavior of substitutions there [4]. 
Based on the lack of conservation at base -1 of natural EBEs and extensive reported 
success in targeting without regard for base -1 identity, we neither anticipated nor 
controlled for the possibility of an effect of base -1 on the behavior of W232 
substitutions, and there were indeed differences across our assays. In the TAL effector 
activity assays, base -1 was a G. In the TALEN assay, one of the paired EBEs was 
preceded by C at position -1, while the other was preceded by a G. In the EMSA, the -1 
base was a C.   
The effects of N-terminal context we observed by examining the RTL-PthXo1 
chimera support a number of the models we have discussed above to explain differential 
effects of W232 substitutions in different contexts. Because the preference of the 
chimera for G at the 0th position differed from the preference for A of PthXo1 with the 
W232R substitution (matching R298 of the RTL), and the overall effects of substitutions 
in these two proteins differed, even though residues to either side of W232 and R298 are 
conserved, global structural deviations in the cryptic repeats that presumably exist due to 
sequence differences scattered throughout the N terminal region appear to influence the 
role of the W232/R298 position in base 0 specificity. Further support for this conclusion 
is provided by the crystal structure of bound PthXo1 in which the 0th and -1st repeats 
pack tightly together, with the interhelical loop of the 0th repeat also entering the major 
groove near T0 [4]. This juxtaposition suggests that the 0th repeat, possibly influenced in 
turn by other portions of the N-terminus, may be involved in positioning repeat -1 or 
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stabilizing its interaction with base 0. The inference that differences in overall N terminal 
conformation between the RTL and PthXo1 result in the different specificities for base 0, 
and in the different results of substitutions observed, is consistent with shifts in cryptic 
repeat conformation caused by differences in CRRs or overall architecture (discussed 
above) resulting in differential effects as well. Also, the fact that RTL-PthXo1 had nearly 
10 fold lower activity than PthXo1 could reflect incompatibility between the respective 
portions of these two proteins, again hinting at intramolecular dependencies. These could 
be direct, such as physical interactions at the interface of the CRR and the cryptic 
repeats, or indirect, such as effects on conformation of one portion that are linked though 
the backbone to forces exerted by the other. 
In all, our results indicate that engineering TAL effectors to have robust, altered 
specificities will require changes in addition to or instead of substitutions for W232, 
likely at other positions in the cryptic -1st and in the 0th repeat, in other portions of TAL 
effector N terminus, and possibly at the interface of the cryptic repeats with the repeats 
of the CRR. The consistency of the native W232 preference for T at base 0, across TAL 
effectors and irrespective of whether TAL effector activity, TALEN activity, or TAL 
effector DNA binding is measured, compared to the inconsistent effects of substitutions 
at W232, suggests that the native tryptophan results in the most stable N terminal 
conformation. Indeed, the sensitivity of the specificity and activity of the substitution 
variants to context might be explained by their rendering the cryptic repeat region 
structurally less stable and subject to subtle, context-dependent shifts. The fact that 
substitutions for R298 in the RTL N-terminus completely abolished activity of the 
chimeric RTL-PthXo1 protein is consistent with this idea, suggesting that in that context, 
the substitutions might be even more destabilizing to the N-terminus (importantly, each 
of the substituted TAL868 substitution variants used in the EMSA, like the unsubstituted 
protein, expressed well and stably, indicating that the substitutions likely do not affect 
overall protein integrity). The results of our structural modeling are also consistent, 
showing that tryptophan at position 232, or arginine in the flexible backbone simulation, 
in combination with T0 yields the most favorable predicted binding energy. The 
modeling results may in fact indicate the reason these residues are strictly conserved 
across TAL effectors and RTLs, respectively: i.e., that they confer the most stable 
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structures and best possible affinities for the targets. More solved TAL effector crystal 
structures, including structures of some of the substitution variants studied here, and 
RTL structures, will shed light on the apparently complex picture of the role of W232 
and the cryptic repeats in the preference for T0 and in overall DNA binding.  Such insight 
will help to guide future efforts to engineer TAL effectors with broadened DNA 
targeting capacity. 
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Figure S1. Purified TAL868 (W232) and amino acid substitution variants separated by SDS PAGE and 
visualized by Coomassie blue staining.
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Figure S2. Activity of PthXo1 variants with all 19 possible single amino acid substitutions for W232. 
Activity was measured in an Agrobacterium-mediated transient expression assay in Nicotiana 
benthamiana leaves, using a GUS reporter gene cloned downstream of a minimal promoter (see Materials 
and Methods) containing the PthXo1 effector binding element (EBE) with the 0th position thymine 
(EBE_PthXo1-T), or variants with adenine, cytosine, or guanine as base 0 (EBE_PthXo1-A, 
EBE_PthXo1-C, and EBE_PthXo1-G, and respectively). Horizontal lines at the bottom group treatments 
that were tested on the same day in the same experiment. To facilitate comparison across multiple 
experiments, activity was normalized to the activity of PthXo1 with EBE_PthXo1-T, which was included 
in each experiment (but shown only for the first experiment) and set to 1.0. None, no TAL effector. Values 
are the means of three replicates.  Error bars represent s.d. 
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CLUSTAL 2.1 multiple sequence alignment 
 
 
RSc1815          MRIGKSSGWLNESVSLEYEHVSPPTRPRDTRRRPRAAGDGGLAHLHRRLAVGYAEDTPRT 60 
hpx17            MRIGKSSGWLNESVSLEYEHVSPPTRPRDTRRRPRAASDGGLAHLHRRLAVGYAEDTPRT 60 
RScCAQ18687      --------------------------------------------MRRRTAVGRVPGASRS 16 
PthXo1           ------------------------------------------------------------ 
                                                                              
 
RSc1815          EARSPAPRRPLPVAPASAPPAPSLVPEPPMPVSLPAVSSPRFSAGSSAAITDPFPSLP-- 118 
hpx17            GARSPAPRRPLPVAPASAPPAPSLVPEPPMPVSLPVVSSPRFSAGSSAAITDPFSSLP-- 118 
RScCAQ18687      GTSPLVLSQPLSRVSASPQPARS-----------SAISSPNFSAGNPTAFANPSPSLPPT 65 
PthXo1           ------------------------------------------------------------ 
                                                                              
 
RSc1815          ----PTPVLYAMARELEALSDATWQPAVPLPAEPPTDARRGNTVFDEASASSPVIASACP 174 
hpx17            ----PTPVLYAMARELKALSDATWQPAVPLPAEPPTDARRGNTVFDEASASSPVIASACP 174 
RScCAQ18687      PVLPPTPVLYAMARELEELHNATWQPAVPLTAEPLADARRDNTVVDGGSGSSPAIASARP 125 
PthXo1           -----------------------MQSGLRAADDPPPTVR-------------VAVTAAR- 23 
                                         *..:  . :* . .*              .:::*   
 
RSc1815          QAFASPPRAPRSARARRARTGGDAWPAPTFLS-RPSSS-------RIGRDVFGKLVALGY 226 
hpx17            QAFASPPRAPRSARARRARTGGDAWPAPTFLS-RPSSS-------RIGRDVFGKLVALGY 226 
RScCAQ18687      QAFAGPPRAPRSARARRARTAGDAWPAPAYLGPSPSPSPSPSPSPRIAPDLSGKLAALGY 185 
PthXo1           -----PPRAKPAPRRRAAQPS-DASPA-----------------------AQVDLRTLGY 54 
                      ****  :.* * *:.. ** **                          .* :*** 
 
RSc1815          SREQIRKLKQESLSEIAKYHTTLTGQGFTHADICRISRRRQSLRVVARNYPELAAALPEL 286 
hpx17            SREQIRKLKQESLSEIAKYHTTLTGQGFTHADICRISRRRQSLRVVARNYPELAAALPEL 286 
RScCAQ18687      SREQIRKLKQESLAEVAKYHATLAGQGFTHADICRISRRWQSLRVVANNYPELMAALPRL 245 
PthXo1           SQQQQEKIKPKVGSTVAQHHEALVGHGFTHAHIVALSRHPAALGTVAVKYQDMIAALPEA 114 
                 *::* .*:* :  : :*::* :*.*:*****.*  :**:  :* .** :* :: ****.  
 
RSc1815          TRAHIVDIARQRSGDLALQALLPVATALTAAPLRLSASQIATVAQYGERPAIQALYRLRR 346 
hpx17            TRAHIVDIARQRSGDLALQALLPVATALTAAPLRLSASQIATVAQYGERPAIQALYRLRR 346 
RScCAQ18687      TTAQIVDIARQRSGDLALQALLPVAAALTAAPLGLSASQIATVAQYGERPAIQALYRLRR 305 
PthXo1           THEDIVGVGKQWSGARALEALLTVAGELRGPPLQLDTGQLVKIAKRGGVTAVEAVHASRN 174 
                 *  .**.:.:* **  **:***.**  * ..** *.:.*:..:*: *  .*::*::  *. 
 
RSc1815          KLTRAPLH 354 
hpx17            KLTRAPLH 392 
RScCAQ18687      KLTRAPLG 313 
PthXo1           ALTGAPLN 182 
                  ** ***                                        
 
Figure  S3. Alignment of N terminal sequences of Ralstonia TAL-like effectors (RTLs) and PthXo1.  
RTL sequences are those in GenBank with complete N-terminal and central repeat region sequences, 
RSc1815 (Genbank ID CAD15517.1) from R. solanacearum strain GMI1000, Hpx17 (Genbank ID 
AB178011.1) from strain RS1085, and  RscCAQ18687 (Genbank ID CAQ18687.1) from strain MolK2. 
PthXo1 (Genbank ID ACD58243.1) is from Xanthomonas oryzae strain PXO99A.  Residues corresponding 
approximately to the -1st repeat are highlighted in light grey.  Residues corresponding approximately to the 
0th repeat are highlighted in darker grey.  W232 and aligned arginine residues are shown in large bold type.  
Multiple sequence alignment was created with ClustalW [1]. 
 
 
  
  
Figure S4. Secondary structure predictions for PthXo1 and Rsc1815 N
PthXo1 (GenBank accession ACD58243.1) from 
(GenBank accession CAD15517.1) from 
predictions were generated using Psipred 
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-terminal regions.
Xanthomonas oryzae strain PXO99A. Right, RSc1815 
Ralstonia solanacearum strain GMI1000.  Secondary structure 
[2]. W232 in PthXo1 and R298 in RSc1815 are in bold type.
 
  Left, 
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Table S1.  Oligonucleotides used for PthXo1 tryptophan 232 substitutions.   
Mutation Primer 
 
Sequence1 
All2 P885 5'-GCGTCGGCAAACAGGCGTCCGGCGCACGC-3' 
W232A P886 5'-GCGTGCGCCGGACGCCTGTTTGCCGACGC-3' 
W232F P919 5’-CGTGAGCAAGGCCTCCAGGGCTCGAGCGCCGGAAAACTGTTTGCCG-3’ 
W232L P920 5’-CGTGAGCAAGGCCTCCAGGGCTCGAGCGCCGGATAACTGTTTGCCG-3’ 
W232I P921 5’-CGTGAGCAAGGCCTCCAGGGCTCGAGCGCCGGAAATCTGTTTGCCG-3’ 
W232M P922 5’-CGTGAGCAAGGCCTCCAGGGCTCGAGCGCCGGACATCTGTTTGCCG-3’ 
W232V P923 5’-CGTGAGCAAGGCCTCCAGGGCTCGAGCGCCGGAGACCTGTTTGCCG-3’ 
W232S P924 5’-CGTGAGCAAGGCCTCCAGGGCTCGAGCGCCGGAAGACTGTTTGCCG-3’ 
W232P P925 5’-CGTGAGCAAGGCCTCCAGGGCTCGAGCGCCGGATGGCTGTTTGCCG-3’ 
W232T P926 5’-CGTGAGCAAGGCCTCCAGGGCTCGAGCGCCGGATGTCTGTTTGCCG-3’ 
W232Y P927 5’-CGTGAGCAAGGCCTCCAGGGCTCGAGCGCCGGAATACTGTTTGCCG-3’ 
W232H P928 5’-CGTGAGCAAGGCCTCCAGGGCTCGAGCGCCGGAATGCTGTTTGCCG-3’ 
W232Q P929 5’-CGTGAGCAAGGCCTCCAGGGCTCGAGCGCCGGATTGCTGTTTGCCG-3’ 
W232N P930 5’-CGTGAGCAAGGCCTCCAGGGCTCGAGCGCCGGAATTCTGTTTGCCG-3’ 
W232K P931 5’-CGTGAGCAAGGCCTCCAGGGCTCGAGCGCCGGATTTCTGTTTGCCG-3’ 
W232D P932 5’-CGTGAGCAAGGCCTCCAGGGCTCGAGCGCCGGAATCCTGTTTGCCG-3’ 
W232E P933 5’-CGTGAGCAAGGCCTCCAGGGCTCGAGCGCCGGATTCCTGTTTGCCG-3’ 
W232C P934 5’-CGTGAGCAAGGCCTCCAGGGCTCGAGCGCCGGAACACTGTTTGCCG-3’ 
W232R P935 5’-CGTGAGCAAGGCCTCCAGGGCTCGAGCGCCGGATCGCTGTTTGCCG-3’ 
W232G P936 5’-CGTGAGCAAGGCCTCCAGGGCTCGAGCGCCGGATCCCTGTTTGCCG-3’ 
1
 Codons introducing W232 substitutions are highlighted in grey.  The silent Xho1 site is underlined.   
2
 Used in all reactions along with one of the primers listed below in the table to produce the desired 
mutation. 
 
Table S2.  Oligonucleotides used for RTL-PthXo1 R298 substitutions 
Mutation Primer Sequence1 
All2 PI178 5’-TTGCATGTAAATAGGAGGTGCACCATGAGAATAGGCAAATCAAG-3’ 
R232N PI148 5’-CGGGTAGCAGCGCTTGCAGCGCCAGGTCACCCGAATTCTGCCGAGC-3’ 
R232P PI147 5’-CGGGTAGCAGCGCTTGCAGCGCCAGGTCACCCGATGGCTGC-3’ 
R232Q PI146 5’-CGGGTAGCAGCGCTTGCAGCGCCAGGTCACCCGATTGCTGC-3’ 
R232T PI145 5’-CGGGTAGCAGCGCTTGCAGCGCCAGGTCACCCGATGTCTGC-3’ 
R232W PI144 5’-CGGGTAGCAGCGCTTGCAGCGCCAGGTCACCCGACCACTGC-3’ 
1 Codons introducing W232 substitutions are highlighted in grey 
2 Used in all reactions along with one of the primers listed below in the table to produce the desired 
mutation. 
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Table S3.  Oligonucleotides used for construction of GUS reporter constructs. 
 
EBE Oligo 1 Oligo 2 
EBE_PthXo1-T 5'-CGCGTGCATCTCCCCCTACTGTACACCAC-3' 5'-CGCGGTGGTGTACAGTAGGGGGAGATGCA-3' 
EBE_PthXo1-A 5'-CGCGAGCATCTCCCCCTACTGTACACCAC-3' 5'-CGCGGTGGTGTACAGTAGGGGGAGATGCT-3' 
EBE_PthXo1-C 5'-CGCGCGCATCTCCCCCTACTGTACACCAC-3' 5'-CGCGGTGGTGTACAGTAGGGGGAGATGCG-3' 
EBE_PthXo1-G 5'-CGCGGGCATCTCCCCCTACTGTACACCAC-3' 5'-CGCGGTGGTGTACAGTAGGGGGAGATGCC-3’ 
EBE_868-T 5’-CGCGTACGTTAATGGAAGCT-3’ 5’-CGCGAGCTTCCATTAACGTA-3’ 
EBE_868-A 5’-CGCGAACGTTAATGGAAGCT-3’ 5’-CGCGAGCTTCCATTAACGTT-3’ 
EBE_868-C 5’-CGCGCACGTTAATGGAAGCT-3’ 5’-CGCGAGCTTCCATTAACGTG-3’ 
EBE_868-G 5’-CGCGGACGTTAATGGAAGCT-3’ 5’-CGCGAGCTTCCATTAACGTC-3’ 
 
 
 
 Table S4.  Primers used for W232 substitutions in TALEN yeast expression 
vectors. 
Change Vector Backbone Sequence1 
All2 pZHY500 and pZHY501 5’-GGACGCAAGTGGTTGGTCTAGAATGGTGG-3’ 
W232N pZHY500 and pZHY501 5’-CCTCCAGGGCGCGTGCGCCGGAATTCTGTTTGCCGACGCC-3’ 
W232P pZHY500 and pZHY501 5’-CCTCCAGGGCGCGTGCGCCGGATGGCTGTTTGCCGACGCC-3’ 
W232Q pZHY500 and pZHY501 5’-CCTCCAGGGCGCGTGCGCCGGATTGCTGTTTGCCGACGCC-3’ 
W232R pZHY500 and pZHY501 5’-CCTCCAGGGCGCGTGCGCCGGATCGCTGTTTGCCGACGCC-3’ 
W232T pZHY500 and pZHY501 5’-CCTCCAGGGCGCGTGCGCCGGATGTCTGTTTGCCGACGCC-3’ 
1 Codons introducing W232 substitutions are highlighted in grey 
2 Used in all reactions along with one of the primers listed below in the table to produce the desired 
mutation. 
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Table S5.  Differences in size of effects on GUS activity between W232 substitutions 
co-delivered with targets with 0th A, C, G, or T in position 0 and the corresponding 
negative control.  
Treatment A Treatment B Estimate1 SE2 Z statistic3 p-value4 
Normalized 
Estimate
5
 
Normalized 
SE
6
 
EBE_PthXo1-A + 
PthXo1 
EBE_PthXo1-T 38.882 19.706 1.973 0.049 0.786 0.399 
EBE_PthXo1-C + 
PthXo1 
EBE_PthXo1-T 23.264 19.706 1.181 0.238 0.471 0.399 
EBE_PthXo1-G + 
PthXo1 
EBE_PthXo1-T 29.419 19.706 1.493 0.136 0.595 0.399 
EBE_PthXo1-T + 
PthXo1 
EBE_PthXo1-T 49.442 14.785 3.344 0.001 1.000 0.299 
EBE_PthXo1-A + 
PthXo1 W232N 
EBE_PthXo1-T 16.453 22.586 0.729 0.466 0.333 0.457 
EBE_PthXo1-C + 
PthXo1 W232N 
EBE_PthXo1-T 14.265 22.515 0.634 0.526 0.289 0.455 
EBE_PthXo1-G + 
PthXo1 W232N 
EBE_PthXo1-T 47.218 22.515 2.097 0.036 0.955 0.455 
EBE_PthXo1-T + 
PthXo1 W232N 
EBE_PthXo1-T 22.560 22.971 0.982 0.326 0.456 0.465 
EBE_PthXo1-A + 
PthXo1 W232P 
EBE_PthXo1-T 43.202 19.027 2.271 0.023 0.874 0.385 
EBE_PthXo1-C + 
PthXo1 W232P 
EBE_PthXo1-T 54.360 19.027 2.857 0.004 1.099 0.385 
EBE_PthXo1-G + 
PthXo1 W232P 
EBE_PthXo1-T 52.621 19.027 2.766 0.006 1.064 0.385 
EBE_PthXo1-T + 
PthXo1 W232P 
EBE_PthXo1-T 17.011 19.027 0.894 0.371 0.344 0.385 
EBE_PthXo1-A + 
PthXo1 W232Q 
EBE_PthXo1-T 36.786 22.335 1.647 0.100 0.744 0.452 
EBE_PthXo1-C + 
PthXo1 W232Q 
EBE_PthXo1-T 39.191 22.335 1.755 0.079 0.793 0.452 
EBE_PthXo1-G + 
PthXo1 W232Q 
EBE_PthXo1-T 119.879 22.335 5.367 0.000 2.425 0.452 
EBE_PthXo1-T + 
PthXo1 W232Q 
EBE_PthXo1-T 25.844 22.335 1.157 0.247 0.523 0.452 
EBE_PthXo1-A + 
PthXo1 W232R 
EBE_PthXo1-T 97.637 25.512 3.827 0.000 1.975 0.516 
EBE_PthXo1-C + 
PthXo1 W232R 
EBE_PthXo1-T 69.991 25.512 2.743 0.006 1.416 0.516 
EBE_PthXo1-G + 
PthXo1 W232R 
EBE_PthXo1-T 31.247 25.512 1.225 0.221 0.632 0.516 
EBE_PthXo1-T + 
PthXo1 W232R 
EBE_PthXo1-T 30.069 25.512 1.179 0.239 0.608 0.516 
EBE_PthXo1-A + 
PthXo1 W232T 
EBE_PthXo1-T 13.479 18.784 0.718 0.473 0.273 0.380 
EBE_PthXo1-C + 
PthXo1 W232T 
EBE_PthXo1-T 8.702 18.784 0.463 0.643 0.176 0.380 
EBE_PthXo1-G + 
PthXo1 W232T 
EBE_PthXo1-T 20.214 18.784 1.076 0.282 0.409 0.380 
EBE_PthXo1-T + 
PthXo1 W232T 
EBE_PthXo1-T 2.353 18.985 0.124 0.901 0.048 0.384 
EBE_868-A + 
TAL868 
EBE_868-T 35.327 26.217 1.348 0.178 0.475 0.352 
EBE_868-C + 
TAL868 
EBE_868-T 1.498 26.217 0.057 0.954 0.020 0.352 
EBE_868-G + 
TAL868 
EBE_868-T 2.811 27.677 0.102 0.919 0.038 0.372 
EBE_868-T + 
TAL868 
EBE_868-T 74.393 16.979 4.381 0.000 1.000 0.228 
EBE_868-A + 
TAL868 W232N 
EBE_868-T 20.644 30.929 0.668 0.505 0.278 0.416 
EBE_868-C + 
TAL868 W232N 
EBE_868-T 0.966 30.929 0.031 0.975 0.013 0.416 
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Table S5 continued.   
EBE_868-G + 
TAL868 W232N 
EBE_868-T 20.786 30.929 0.672 0.502 0.279 0.416 
EBE_868-T + 
TAL868 W232N 
EBE_868-T 38.070 30.929 1.231 0.218 0.512 0.416 
EBE_868-A + 
TAL868 W232P 
EBE_868-T 33.484 26.049 1.285 0.199 0.450 0.350 
EBE_868-C + 
TAL868 W232P 
EBE_868-T 27.502 26.049 1.056 0.291 0.370 0.350 
EBE_868-G + 
TAL868 W232P 
EBE_868-T 38.097 26.718 1.426 0.154 0.512 0.359 
EBE_868-T + 
TAL868 W232P 
EBE_868-T 26.038 26.049 1.000 0.318 0.350 0.350 
EBE_868-A + 
TAL868 W232Q 
EBE_868-T 14.261 26.588 0.536 0.592 0.192 0.357 
EBE_868-C + 
TAL868 W232Q 
EBE_868-T -4.184 26.588 -0.157 0.875 -0.056 0.357 
EBE_868-G + 
TAL868 W232Q 
EBE_868-T 31.152 26.588 1.172 0.241 0.419 0.357 
EBE_868-T + 
TAL868 W232Q 
EBE_868-T 41.774 26.588 1.571 0.116 0.562 0.357 
EBE_868-A + 
TAL868 W232R 
EBE_868-T 58.196 23.575 2.469 0.014 0.782 0.317 
EBE_868-C + 
TAL868 W232R 
EBE_868-T 51.425 23.575 2.181 0.029 0.691 0.317 
EBE_868-G + 
TAL868 W232R 
EBE_868-T 65.564 23.575 2.781 0.005 0.881 0.317 
EBE_868-T + 
TAL868 W232R 
EBE_868-T 70.968 23.575 3.010 0.003 0.954 0.317 
EBE_868-A + 
TAL868 W232T 
EBE_868-T 32.014 26.199 1.222 0.222 0.430 0.352 
EBE_868-C + 
TAL868 W232T 
EBE_868-T 3.401 26.199 0.130 0.897 0.046 0.352 
EBE_868-G + 
TAL868 W232T 
EBE_868-T 8.832 26.199 0.337 0.736 0.119 0.352 
EBE_868-T + 
TAL868 W232T 
EBE_868-T 33.922 26.199 1.295 0.195 0.456 0.352 
1
 Estimated difference between the effect sizes of Treatment A and Treatment B on GUS activity. 
Estimate<0 indicates Treatment A has a smaller effect on GUS activity than Treatment B. Estimate>0 
indicates that Treatment A has a larger effect on GUS activity than Treatment B.   
2 Standard Error for the estimated difference in effect sizes computed by the general linear hypothesis test. 
3
 Z statistic For the general linear hypothesis test of the null hypothesis that the expected value of the effect 
size of Treatment A is equal to the expected value of the effect size of Treatment B.   
4
 p-value for the general linear hypothesis test of the null hypothesis that the expected value of the effect of 
Treatment A is equal to the expected value of the effect size of Treatment B.   
5
 Calculated by dividing the estimate by the estimate of the difference in the effect sizes of the 
corresponding wild type TAL effector on the target with T at position 0 and the target with no co-delivered 
TAL effector, reported in Figure 2. 
6
 Calculated in the same way as the Normalized Estimate.  Reported as the error bars in Figure 2. 
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Table S6.  Differences in size of effects on GUS activity between W232 substitution 
variants co-delivered with targets with 0th position A, C, G, or T, and the wild type 
TAL effector co-delivered with the target with 0th position T. 
Treatment A Treatment B Estimate1 SE2 Z statistic3 p-value4 
EBE_868-A + TAL868 EBE_868-T + TAL868 -39.0658 26.2165 -1.4901 0.1362 
EBE_868-C + TAL868 EBE_868-T + TAL868 -72.8951 26.2165 -2.7805 0.0054 
EBE_868-G + TAL868 EBE_868-T + TAL868 -71.5824 27.6766 -2.5864 0.0097 
EBE_868-A + TAL868 
W232N 
EBE_868-T + TAL868 -53.7488 30.9293 -1.7378 0.0822 
EBE_868-C + TAL868 
W232N 
EBE_868-T + TAL868 -73.4265 30.9293 -2.374 0.0176 
EBE_868-G + TAL868 
W232N 
EBE_868-T + TAL868 -53.6073 30.9293 -1.7332 0.0831 
EBE_868-T + TAL868 
W232N 
EBE_868-T + TAL868 -36.3226 30.9293 -1.1744 0.2402 
EBE_868-A + TAL868 
W232P 
EBE_868-T + TAL868 -40.9093 26.0485 -1.5705 0.1163 
EBE_868-C + TAL868 
W232P 
EBE_868-T + TAL868 -46.8908 26.0485 -1.8001 0.0718 
EBE_868-G + TAL868 
W232P 
EBE_868-T + TAL868 -36.2964 26.718 -1.3585 0.1743 
EBE_868-T + TAL868 
W232P 
EBE_868-T + TAL868 -48.3547 26.0485 -1.8563 0.0634 
EBE_868-A + TAL868 
W232Q 
EBE_868-T + TAL868 -60.132 26.5882 -2.2616 0.0237 
EBE_868-C + TAL868 
W232Q 
EBE_868-T + TAL868 -78.577 26.5882 -2.9553 0.0031 
EBE_868-G + TAL868 
W232Q 
EBE_868-T + TAL868 -43.2408 26.5882 -1.6263 0.1039 
EBE_868-T + TAL868 
W232Q 
EBE_868-T + TAL868 -32.6187 26.5882 -1.2268 0.2199 
EBE_868-A + TAL868 
W232R 
EBE_868-T + TAL868 -16.1969 23.5754 -0.687 0.4921 
EBE_868-C + TAL868 
W232R 
EBE_868-T + TAL868 -22.9675 23.5754 -0.9742 0.3299 
EBE_868-G + TAL868 
W232R 
EBE_868-T + TAL868 -8.8294 23.5754 -0.3745 0.708 
EBE_868-T + TAL868 
W232R 
EBE_868-T + TAL868 -3.4251 23.5754 -0.1453 0.8845 
EBE_868-A + TAL868 
W232T 
EBE_868-T + TAL868 -42.3792 26.1993 -1.6176 0.1058 
EBE_868-C + TAL868 
W232T 
EBE_868-T + TAL868 -70.992 26.1993 -2.7097 0.0067 
EBE_868-G + TAL868 
W232T 
EBE_868-T + TAL868 -65.5607 26.1993 -2.5024 0.0123 
EBE_868-T + TAL868 
W232T 
EBE_868-T + TAL868 -40.4707 26.1993 -1.5447 0.1224 
EBE_868-A EBE_868-T + TAL868 -124.1506 26.2165 -4.7356 0 
EBE_868-C EBE_868-T + TAL868 -122.3079 26.2165 -4.6653 0 
EBE_868-G EBE_868-T + TAL868 -124.1598 26.2165 -4.7359 0 
EBE_868-T EBE_868-T + TAL868 -74.3929 16.9793 -4.3814 0 
EBE_PthXo1-A + 
PthXo1 
EBE_PthXo1-T + 
PthXo1 
-10.56 19.0896 -0.5532 0.5801 
EBE_PthXo1-C + 
PthXo1 
EBE_PthXo1-T + 
PthXo1 
-26.1776 19.0896 -1.3713 0.1703 
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EBE_PthXo1-G + 
PthXo1 
EBE_PthXo1-T + 
PthXo1 
-20.0229 19.0896 -1.0489 0.2942 
EBE_PthXo1-A + 
PthXo1 W232N 
EBE_PthXo1-T + 
PthXo1 
-32.9886 22.5038 -1.4659 0.1427 
EBE_PthXo1-C + 
PthXo1 W232N 
EBE_PthXo1-T + 
PthXo1 
-35.1768 22.4303 -1.5683 0.1168 
EBE_PthXo1-G + 
PthXo1 W232N 
EBE_PthXo1-T + 
PthXo1 
-2.2242 22.4303 -0.0992 0.921 
EBE_PthXo1-T + 
PthXo1 W232N 
EBE_PthXo1-T + 
PthXo1 
-26.8823 22.8873 -1.1746 0.2402 
EBE_PthXo1-A + 
PthXo1 W232P 
EBE_PthXo1-T + 
PthXo1 
-6.2397 18.8549 -0.3309 0.7407 
EBE_PthXo1-C + 
PthXo1 W232P 
EBE_PthXo1-T + 
PthXo1 
4.9183 18.8549 0.2609 0.7942 
EBE_PthXo1-G + 
PthXo1 W232P 
EBE_PthXo1-T + 
PthXo1 
3.1788 18.8549 0.1686 0.8661 
EBE_PthXo1-T + 
PthXo1 W232P 
EBE_PthXo1-T + 
PthXo1 
-32.4305 18.8549 -1.72 0.0854 
EBE_PthXo1-A + 
PthXo1 W232Q 
EBE_PthXo1-T + 
PthXo1 
-12.6554 22.2111 -0.5698 0.5688 
EBE_PthXo1-C + 
PthXo1 W232Q 
EBE_PthXo1-T + 
PthXo1 
-10.2513 22.2111 -0.4615 0.6444 
EBE_PthXo1-G + 
PthXo1 W232Q 
EBE_PthXo1-T + 
PthXo1 
70.4372 22.2111 3.1713 0.0015 
EBE_PthXo1-T + 
PthXo1 W232Q 
EBE_PthXo1-T + 
PthXo1 
-23.5981 22.2111 -1.0624 0.288 
EBE_PthXo1-A + 
PthXo1 W232R 
EBE_PthXo1-T + 
PthXo1 
48.1952 25.4413 1.8944 0.0582 
EBE_PthXo1-C + 
PthXo1 W232R 
EBE_PthXo1-T + 
PthXo1 
20.5489 25.4413 0.8077 0.4193 
EBE_PthXo1-G + 
PthXo1 W232R 
EBE_PthXo1-T + 
PthXo1 
-18.1949 25.4413 -0.7152 0.4745 
EBE_PthXo1-T + 
PthXo1 W232R 
EBE_PthXo1-T + 
PthXo1 
-19.3732 25.4413 -0.7615 0.4464 
EBE_PthXo1-A + 
PthXo1 W232T 
EBE_PthXo1-T + 
PthXo1 
-35.9634 18.6278 -1.9306 0.0535 
EBE_PthXo1-C + 
PthXo1 W232T 
EBE_PthXo1-T + 
PthXo1 
-40.7395 18.6278 -2.187 0.0287 
EBE_PthXo1-G + 
PthXo1 W232T 
EBE_PthXo1-T + 
PthXo1 
-29.2283 18.6278 -1.5691 0.1166 
EBE_PthXo1-T + 
PthXo1 W232T 
EBE_PthXo1-T + 
PthXo1 
-47.0892 18.8299 -2.5008 0.0124 
EBE_PthXo1-A EBE_PthXo1-T + 
PthXo1 
-79.4279 52.4067 -1.5156 0.1296 
EBE_PthXo1-C EBE_PthXo1-T + 
PthXo1 
-80.0302 52.4067 -1.5271 0.1267 
EBE_PthXo1-G EBE_PthXo1-T + 
PthXo1 
-63.9657 52.4067 -1.2206 0.2223 
EBE_PthXo1-T EBE_PthXo1-T + 
PthXo1 
-49.4419 14.7853 -3.344 0.0008 
1
 Estimated difference between the effect sizes of Treatment A and Treatment B on GUS activity. 
Estimate<0 indicates Treatment A has a smaller effect on GUS activity than Treatment B. Estimate>0 
indicates that Treatment A has a larger effect on GUS activity than Treatment B.   
2
 Standard Error for the estimated difference in effect sizes computed by the general linear hypothesis test. 
3
 Z statistic For the general linear hypothesis test of the null hypothesis that the expected value of the effect 
size of Treatment A is equal to the expected value of the effect size of Treatment B.   
4
 p-value for the general linear hypothesis test of the null hypothesis that the expected value of the effect 
size of Treatment A is equal to the expected value of the effect size of Treatment B.   
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Table S7. Differences in size of effects on GUS activity between W232 substitution 
variants co-delivered with targets with 0th position A, C, or G, and the same TAL 
effector co-delivered with the target with 0th position T, used to determine 
specificity for the 0th position. 
Treatment A Treatment B Estimate1 SE2 Z-statistic3 p-value4 
EBE_868-A + 
TAL868 
EBE_868-T + 
TAL868 
-39.0658 26.2165 -1.4901 0.1362 
EBE_868-C + 
TAL868 
EBE_868-T + 
TAL868 
-72.8951 26.2165 -2.7805 0.0054 
EBE_868-G + 
TAL868 
EBE_868-T + 
TAL868 
-71.5824 27.6766 -2.5864 0.0097 
EBE_868-A + 
TAL868 W232N 
EBE_868-T + 
TAL868 W232N 
-17.4261 37.9669 -0.459 0.6462 
EBE_868-C + 
TAL868 W232N 
EBE_868-T + 
TAL868 W232N 
-37.1038 37.9669 -0.9773 0.3284 
EBE_868-G + 
TAL868 W232N 
EBE_868-T + 
TAL868 W232N 
-17.2847 37.9669 -0.4553 0.6489 
EBE_868-A + 
TAL868 W232P 
EBE_868-T + 
TAL868 W232P 
7.4455 30.9998 0.2402 0.8102 
EBE_868-C + 
TAL868 W232P 
EBE_868-T + 
TAL868 W232P 
1.4639 30.9998 0.0472 0.9623 
EBE_868-G + 
TAL868 W232P 
EBE_868-T + 
TAL868 W232P 
12.0584 31.5832 0.3818 0.7026 
EBE_868-A + 
TAL868 W232Q 
EBE_868-T + 
TAL868 W232Q 
-27.5133 30.9998 -0.8875 0.3748 
EBE_868-C + 
TAL868 W232Q 
EBE_868-T + 
TAL868 W232Q 
-45.9583 30.9998 -1.4825 0.1382 
EBE_868-G + 
TAL868 W232Q 
EBE_868-T + 
TAL868 W232Q 
-10.6222 30.9998 -0.3427 0.7319 
EBE_868-A + 
TAL868 W232R 
EBE_868-T + 
TAL868 W232R 
-12.7718 26.8466 -0.4757 0.6343 
EBE_868-C + 
TAL868 W232R 
EBE_868-T + 
TAL868 W232R 
-19.5424 26.8466 -0.7279 0.4667 
EBE_868-G + 
TAL868 W232R 
EBE_868-T + 
TAL868 W232R 
-5.4043 26.8466 -0.2013 0.8405 
EBE_868-A + 
TAL868 W232T 
EBE_868-T + 
TAL868 W232T 
-1.9085 30.9998 -0.0616 0.9509 
EBE_868-C + 
TAL868 W232T 
EBE_868-T + 
TAL868 W232T 
-30.5213 30.9998 -0.9846 0.3248 
EBE_868-G + 
TAL868 W232T 
EBE_868-T + 
TAL868 W232T 
-25.0901 30.9998 -0.8094 0.4183 
EBE_PthXo1-A + 
PthXo1 
EBE_PthXo1-T + 
PthXo1 
-10.56 19.0896 -0.5532 0.5801 
EBE_PthXo1-C + 
PthXo1 
EBE_PthXo1-T + 
PthXo1 
-26.1776 19.0896 -1.3713 0.1703 
EBE_PthXo1-G + 
PthXo1 
EBE_PthXo1-T + 
PthXo1 
-20.0229 19.0896 -1.0489 0.2942 
EBE_PthXo1-A + 
PthXo1 W232N 
EBE_PthXo1-T + 
PthXo1 W232N 
-6.1063 27.2481 -0.2241 0.8227 
EBE_PthXo1-C + 
PthXo1 W232N 
EBE_PthXo1-T + 
PthXo1 W232N 
-8.2945 27.2235 -0.3047 0.7606 
EBE_PthXo1-G + 
PthXo1 W232N 
EBE_PthXo1-T + 
PthXo1 W232N 
24.6582 27.2235 0.9058 0.3651 
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Table S7 continued. 
EBE_PthXo1-A + 
PthXo1 W232P 
EBE_PthXo1-T + 
PthXo1 W232P 
26.1908 21.5637 1.2146 0.2245 
EBE_PthXo1-C + 
PthXo1 W232P 
EBE_PthXo1-T + 
PthXo1 W232P 
37.3488 21.5637 1.732 0.0833 
EBE_PthXo1-G + 
PthXo1 W232P 
EBE_PthXo1-T + 
PthXo1 W232P 
35.6093 21.5637 1.6513 0.0987 
EBE_PthXo1-A + 
PthXo1 W232Q 
EBE_PthXo1-T + 
PthXo1 W232Q 
10.9427 26.8466 0.4076 0.6836 
EBE_PthXo1-C + 
PthXo1 W232Q 
EBE_PthXo1-T + 
PthXo1 W232Q 
13.3468 26.8466 0.4971 0.6191 
EBE_PthXo1-G + 
PthXo1 W232Q 
EBE_PthXo1-T + 
PthXo1 W232Q 
94.0353 26.8466 3.5027 0.0005 
EBE_PthXo1-A + 
PthXo1 W232R 
EBE_PthXo1-T + 
PthXo1 W232R 
67.5683 30.9998 2.1796 0.0293 
EBE_PthXo1-C + 
PthXo1 W232R 
EBE_PthXo1-T + 
PthXo1 W232R 
39.9221 30.9998 1.2878 0.1978 
EBE_PthXo1-G + 
PthXo1 W232R 
EBE_PthXo1-T + 
PthXo1 W232R 
1.1782 30.9998 0.038 0.9697 
EBE_PthXo1-A + 
PthXo1 W232T 
EBE_PthXo1-T + 
PthXo1 W232T 
11.1258 21.4063 0.5197 0.6032 
EBE_PthXo1-C + 
PthXo1 W232T 
EBE_PthXo1-T + 
PthXo1 W232T 
6.3498 21.4063 0.2966 0.7667 
EBE_PthXo1-G + 
PthXo1 W232T 
EBE_PthXo1-T + 
PthXo1 W232T 
17.8609 21.4063 0.8344 0.4041 
1
 Estimated difference between the effect sizes of Treatment A and Treatment B on GUS activity. 
Estimate<0 indicates the Treatment A has a smaller effect on GUS activity than treatment B. Estimate>0 
indicates that Treatment A has a larger effect on GUS activity than Treatment B.   
2
 Standard Error for the estimated difference in effect sizes computed by the general linear hypothesis test. 
3
 Z statistic For the general linear hypothesis test of the null hypothesis that the expected value of the effect 
size of Treatment A is equal to the expected value of the effect size of Treatment B.   
4
 p-value for the general linear hypothesis test of the null hypothesis that the expected value of the effect 
size of Treatment A is equal to the expected value of the effect size of Treatment B. 
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Table S8. Statistical significance of values shown in Figure 3, “Activity of TALENs 
with selected single amino acid substitutions for W232 on targets with A, C, G, or T 
at the 0th position.” 
TALEN/target Number of 
samples (N) 
Mean SD p-value 
cf. 
W232/Ta 
p-value 
cf. 
same/Tb 
PthXo1/EBE_PthXo1-A 11 0.52 0.06 0.0001 0.0001 
PthXo1/EBE_PthXo1-C 11 0.63 0.07 0.0005 0.0005 
PthXo1/EBE_PthXo1-G 11 0.28 0.09 0.0001 0.0001 
PthXo1/EBE_PthXo1-T 10 1.00 0.28 1 1 
PthXo1(W232N)/EBE_PthXo1-A 10 0.30 0.05 0.0001 0.0001 
PthXo1(W232N)/EBE_PthXo1-C 10 0.22 0.02 0.0001 0.0001 
PthXo1(W232N)/EBE_PthXo1-G 10 0.28 0.10 0.0001 0.0001 
PthXo1(W232N)/EBE_PthXo1-T 9 0.71 0.13 0.01 1 
PthXo1(W232P)/EBE_PthXo1-A 10 0.40 0.04 0.0001 0.0001 
PthXo1(W232P)/EBE_PthXo1-C 10 0.35 0.05 0.0001 0.0001 
PthXo1(W232P)/EBE_PthXo1-G 10 0.40 0.06 0.0001 0.0001 
PthXo1(W232P)/EBE_PthXo1-T 9 0.76 0.06 0.0235 1 
PthXo1(W232Q)/EBE_PthXo1-A 11 0.25 0.04 0.0001 0.0001 
PthXo1(W232Q)/EBE_PthXo1-C 11 0.15 0.02 0.0001 0.0001 
PthXo1(W232Q)/EBE_PthXo1-G 12 0.21 0.10 0.0001 0.0001 
PthXo1(W232Q)/EBE_PthXo1-T 11 0.60 0.07 0.0002 1 
PthXo1(W232R)/EBE_PthXo1-A 11 0.45 0.08 0.0001 0.0001 
PthXo1(W232R)/EBE_PthXo1-C 11 0.28 0.04 0.0001 0.0001 
PthXo1(W232R)/EBE_PthXo1-G 11 0.52 0.14 0.0001 0.0001 
PthXo1(W232R)/EBE_PthXo1-T 10 0.81 0.08 0.0513 1 
PthXo1(W232T)/EBE_PthXo1-A 12 0.36 0.04 0.0001 0.0005 
PthXo1(W232T)/EBE_PthXo1-C 12 0.29 0.05 0.0001 0.0002 
PthXo1(W232T)/EBE_PthXo1-G 12 0.29 0.07 0.0001 0.0002 
PthXo1(W232T)/EBE_PthXo1-T 11 1.02 0.56 0.9265 1 
TAL868/EBE_TAL868-A 15 0.86 0.47 0.3332 0.3332 
TAL868/EBE_TAL868-C 15 0.75 0.50 0.1079 0.1079 
TAL868/EBE_TAL868-G 15 0.52 0.48 0.0029 0.0029 
TAL868/EBE_TAL868-T 15 1.00 0.31 1 1 
TAL868(W232N)/EBE_TAL868-
A 8 0.53 0.13 0.0007 0.0053 
TAL868(W232N)/EBE_TAL868-
C 8 0.87 0.17 0.3029 0.7013 
TAL868(W232N)/EBE_TAL868-
G 8 0.56 0.31 0.0038 0.0571 
TAL868(W232N)/EBE_TAL868-
T 8 0.83 0.22 0.2006 1 
TAL868(W232P)/EBE_TAL868-
A 7 0.38 0.29 0.0003 0.8081 
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Table S8 continued.      
TAL868(W232P)/EBE_TAL868-
C 7 0.43 0.25 0.0005 0.9499 
TAL868(W232P)/EBE_TAL868-
G 7 0.37 0.24 0.0001 0.7159 
TAL868(W232P)/EBE_TAL868-
T 7 0.42 0.29 0.0005 1 
TAL868(W232Q)/EBE_TAL868-
A 8 0.60 0.13 0.0024 0.0003 
TAL868(W232Q)/EBE_TAL868-
C 8 0.99 0.19 0.9538 0.5088 
TAL868(W232Q)/EBE_TAL868-
G 8 0.86 0.19 0.2679 0.4008 
TAL868(W232Q)/EBE_TAL868-
T 8 0.94 0.15 0.5918 1 
TAL868(W232R)/EBE_TAL868-
A 8 0.45 0.14 0.0001 0.5350 
TAL868(W232R)/EBE_TAL868-
C 8 0.64 0.12 0.0055 0.0372 
TAL868(W232R)/EBE_TAL868-
G 8 0.57 0.09 0.0011 0.2123 
TAL868(W232R)/EBE_TAL868-
T 8 0.49 0.14 0.0003 1 
TAL868(W232T)/EBE_TAL868-
A 8 0.51 0.13 0.0004 0.0057 
TAL868(W232T)/EBE_TAL868-
C 8 1.07 0.21 0.5966 0.0125 
TAL868(W232T)/EBE_TAL868-
G 8 0.71 0.14 0.0234 0.4463 
TAL868(W232T)/EBE_TAL868-
T 8 0.78 0.19 0.0844 1 
 
a p-value for the null hypothesis that the mean is equal to that of the unsubstituted TALEN on its EBE 
preceded by T, by two-tailed, unpaired t-test. 
b p-value for the null hypothesis that the mean is equal to that of the same TALEN on its EBE preceded by 
T, by two-tailed, unpaired t-test. 
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Table S9. Statistical significance of values shown in Figure 5, “Activity of chimeric 
TAL effector RTL-PthXo1 with single amino acid substitutions for R298 on targets 
with A, C, G, or T at the 0th position.” 
Protein/target 
Number of 
samples (N) Mean SD 
p-value cf. 
None/Ta 
p-value cf. 
PthXo1/Tb 
p-value cf. 
same/Tc 
None/EBE_PthXo1-T 3 0.0223 0.0053 1.0000 0.0085 1.0000 
PthXo1/EBE_PthXo1-T 3 1.0000 0.1579 0.0085 1.0000 1.0000 
RTL-
PthXo1/EBE_PthXo1-A 3 0.0266 0.0033 0.3091 0.0086 0.0210 
RTL-
PthXo1/EBE_PthXo1-C 3 0.0544 0.0055 0.0019 0.0091 0.2081 
RTL-
PthXo1/EBE_PthXo1-G 3 0.1290 0.0263 0.0166 0.0093 0.0379 
RTL-
PthXo1/EBE_PthXo1-T 3 0.0664 0.0117 0.0115 0.0091 1.0000 
RTL-
PthXo1(R298W)/EBE_Pth
Xo1-A 3 0.0189 0.0040 0.4215 0.0085 0.2242 
RTL-
PthXo1(R298W)/EBE_Pth
Xo1-C 3 0.0196 0.0043 0.5378 0.0085 0.3026 
RTL-
PthXo1(R298W)/EBE_Pth
Xo1-G 3 0.0202 0.0016 0.5690 0.0085 0.2984 
RTL-
PthXo1(R298W)/EBE_Pth
Xo1-T 3 0.0241 0.0049 0.6911 0.0086 1.0000 
RTL-
PthXo1(R298P)/EBE_Pth
Xo1-A 3 0.0247 0.0042 0.0736 0.0277 0.0524 
RTL-
PthXo1(R298P)/EBE_Pth
Xo1-C 3 0.0282 0.0025 0.0882 0.0280 0.1112 
RTL-
PthXo1(R298P)/EBE_Pth
Xo1-G 3 0.0270 0.0027 0.0580 0.0279 0.0882 
RTL-
PthXo1(R298P)/EBE_Pth
Xo1-T 3 0.0381 0.0067 0.2692 0.0285 1.0000 
RTL-
PthXo1(R298Q)/EBE_Pth
Xo1-A 3 0.0278 0.0076 0.4150 0.0279 0.1619 
RTL-
PthXo1(R298Q)/EBE_Pth
Xo1-C 3 0.0261 0.0015 0.0076 0.0278 0.0588 
RTL-
PthXo1(R298Q)/EBE_Pth
Xo1-G 3 0.0242 0.0017 0.0041 0.0277 0.0402 
RTL-
PthXo1(R298Q)/EBE_Pth
Xo1-T 3 0.0372 0.0053 0.2430 0.0284 1.0000 
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Table S9 continued. 
      
RTL-
PthXo1(R298T)/EBE_Pth
Xo1-A 3 0.0265 0.0035 0.4958 0.0247 0.8283 
RTL-
PthXo1(R298T)/EBE_Pth
Xo1-C 3 0.0237 0.0028 0.1249 0.0245 0.4215 
RTL-
PthXo1(R298T)/EBE_Pth
Xo1-G 3 0.0257 0.0015 0.2742 0.0246 0.6804 
RTL-
PthXo1(R298T)/EBE_Pth
Xo1-T 3 0.0275 0.0065 0.8121 0.0247 1.0000 
RTL-
PthXo1(R298N)/EBE_Pth
Xo1-A 3 0.0098 0.0052 0.0809 0.0125 0.0128 
RTL-
PthXo1(R298N)/EBE_Pth
Xo1-C 3 0.0096 0.0015 0.0020 0.0125 0.0257 
RTL-
PthXo1(R298N)/EBE_Pth
Xo1-G 3 0.0088 0.0021 0.0033 0.0125 0.0210 
RTL-
PthXo1(R298N)/EBE_Pth
Xo1-T 3 0.0334 0.0073 0.0679 0.0130 1.0000 
 
a p-value for the null hypothesis that the mean is equal to that of None/EBE_PthXo1-T, by two-tailed, 
unpaired t-test. 
b p-value for the null hypothesis that the mean is equal to that of PthXo1/EBE_PthXo1-T, by two-tailed, 
unpaired t-test. 
c p-value for the null hypothesis that the mean is equal to that of the same protein on EBE_PthXo1-T, by 
two-tailed, unpaired t-test. 
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APPENDIX B 
TRANSCRIPTION ACTIVATOR-LIKE (TAL) EFFECTORS TARGETING 
OsSWEET GENES ENHANCE VIRULENCE ON DIVERSE RICE (ORYZA 
SATIVA) VARIETIES WHEN EXPRESSED INDIVIDUALLY IN A TAL 
EFFECTOR-DEFICIENT STRAIN OF XANTHOMONAS ORYZAE 
 
A paper published in New Phytologist1 
 
Valérie Verdier3,4,2, Lindsay R. Triplett3,2, Aaron W. Hummel5, Rene Corral3, R. Andres Cernadas5,6, 
Clarice L. Schmidt5, Adam J. Bogdanove5,6 and Jan E. Leach3 
 
Summary 
• Genomes of the rice (Oryza sativa) xylem and mesophyll pathogens Xanthomonas 
oryzae pv. oryzae (Xoo) and pv. oryzicola (Xoc) encode numerous secreted 
transcription factors called transcription activator-like (TAL) effectors. In a few 
studied rice varieties, some of these contribute to virulence by activating 
corresponding host susceptibility genes. Some activate disease resistance genes. The 
roles of X. oryzae TAL effectors in diverse rice backgrounds, however, are poorly 
understood. 
• Xoo TAL effectors that promote infection by activating SWEET sucrose transporter 
genes were expressed in TAL effector-deficient X. oryzae strain X11-5A, and 
assessed in 21 rice varieties. Some were also tested in Xoc on variety Nipponbare. 
Several Xoc TAL effectors were tested in X11-5A on four rice varieties.  
• Xoo TAL effectors enhanced X11-5A virulence on most varieties, but to varying 
extents depending on the effector and variety. SWEET genes were activated in all 
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tested varieties, but increased virulence did not correlate with activation level. 
• SWEET activators also enhanced Xoc virulence on Nipponbare. Xoc TAL effectors 
did not alter X11-5A virulence. 
• SWEET-targeting TAL effectors contribute broadly and non-tissue-specifically to 
virulence in rice, and their function is affected by host differences besides target 
sequences. Further, the utility of X11-5A for characterizing individual TAL effectors 
in rice was established. 
 
Introduction 
Pathogenic Xanthomonas oryzae causes two important bacterial diseases of rice 
(Oryza sativa). Xanthomonas oryzae pv. oryzae (Xoo) enters through leaf hydathodes to 
invade xylem vessels and cause bacterial leaf blight, while Xanthomonas oryzae pv. 
oryzicola (Xoc) enters through stomata to colonize the leaf mesophyll and cause bacterial 
leaf streak. Xanthomonas oryzae is diverse, with distinct phylogenetic clades comprising 
Xoo from Asia, Xoo from Africa, and Xoc from Asia and Africa (Triplett et al., 2011; 
Hajri et al., 2012). Strains of weakly pathogenic X. oryzae, with no pathovar designation, 
were also isolated in the USA from rice showing mild symptoms of bacterial blight 
(Jones et al., 1989). These strains were recently placed in a clade distinct from all other 
subgroups, and it was hypothesized that they descended from a common ancestor of Xoc 
and Xoo (Triplett et al., 2011).  
Asian and African Xoo and Xoc genomes contain multiple members of a gene 
family encoding transcription activator-like (TAL) effectors. TAL effectors enter host 
cells via the bacterial type III secretion system, and turn on specific host genes by 
binding to effector-specific sites in the host genome. Some TAL effectors contribute to 
virulence by activating host genes that enhance susceptibility, and some, not mutually 
exclusively, function as avirulence factors by activating resistance genes (Boch & Bonas, 
2010; Bogdanove et al., 2010). TAL effector target specificity is determined by a central 
region of the effector that is composed of conserved, 33–34 amino acid repeats. Two 
variable amino acids at positions 12 and 13 in each repeat, called the repeat-variable 
diresidue (RVD), together specify a nucleotide in the target so that the number and 
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composition of RVDs define the length and nucleotide sequence of the target (Boch et 
al., 2009; Moscou & Bogdanove, 2009). 
Several Xoo TAL effectors that contribute to virulence have been identified and 
their relevant targets in rice characterized. PthXo6 is a TAL effector cloned from 
Philippine Xoo strain PXO99A that contributes moderately to virulence by activating the 
transcription factor TFX1 (Sugio et al., 2007). TAL effector PthXo7 from that strain 
contributes to virulence specifically in a variety that carries a mutation in the gene for the 
gamma subunit of general transcrip- tion factor TFIIA (Iyer & McCouch, 2004). This 
mutation confers resistance to many Xoo strains, hypothetically by reducing the ability of 
TAL effectors to recruit the host transcriptional machinery (Iyer & McCouch, 2004). 
PthXo7 induces expression of a TFIIAc paralog that presumably restores full TAL 
effector activity (Sugio et al., 2007). Xoo TAL effectors with more substantial effects on 
virulence uniformly activate members of the OsSWEET family of sucrose transporter 
genes (Chen et al., 2010) to promote disease. PthXo1 from strain PXO99A activates 
OsSWEET11 (also called Os8N3) and TAL effectors PthXo3 from Japanese strain 
MAFF31101 and AvrXa7 from Philippine strain PXO86 activate OsSWEET14 (also 
called Os11N3) from overlapping binding sites (Yang et al., 2006; Antony et al., 2010; 
Römer et al., 2010). The TalC protein from the African Xoo strain BAI3 activates 
OsSWEET14 from a binding site distinct from those of AvrXa7 and PthXo3 (Yu et al., 
2011). 
In addition to the TFIIAγ mutation mentioned above (also known as the xa5 
resistance gene), which confers resistance in a general way, plants have evolved highly 
specific mechanisms to defend against pathogens that deploy TAL effectors. Resistance 
genes Xa27 in rice and Bs3 in pepper (Capsicum annuum) are specifically 
transcriptionally activated by TAL effectors AvrXa27 and AvrBs3, respectively, and 
block disease progression by triggering a localized host cell death (Gu et al., 2005; 
Römer et al., 2007). Polymorphisms that provide resistance by destroying a TAL effector 
binding site in a major susceptibility gene promoter and preventing its activation also 
occur. For example, a large insertion in the promoter of OsSWEET11 prevents PthXo1- 
mediated susceptibility and constitutes the recessive xa13 gene for bacterial blight 
resistance (Yang et al., 2006). Xa7 confers a strong hypersensitive reaction (HR), a 
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programmed cell death response, when inoculated with bacteria harboring the 
OsSWEET-activating TAL effector avrXa7 (Hopkins et al., 1992), but, to date, the 
resistance gene has not been cloned. 
Despite these major advances in our understanding, the targets and roles of most 
TAL effectors from X. oryzae (and other Xanthomonas species) are still unknown. 
Sequenced X. oryzae genomes harbor between eight and 26 individual TAL effector 
genes (White et al., 2009; Bogdanove et al., 2011). The strain from which most TAL 
effectors have been characterized, PXO99A, has 11 additional yet uncharacterized TAL 
effectors. Furthermore, no studies of the virulence functions of TAL effectors from any 
Xoc strain have yet been reported. TAL effector functional studies are complicated by 
the possibility of functional redundancies and by the quantitative nature of their 
contributions to virulence (Yang et al., 1996; Bai et al., 2000). Also, as exemplified by 
PthXo7 discussed above, functions of some TAL effectors may only be apparent in 
certain host genotypes. Indeed, studies of X. oryzae TAL effector function to date have 
been conducted on only a relatively narrow range of rice varieties, including Azucena, 
Taipei, Nipponbare, and isogenic lines derived from IR24. 
The weakly virulent US X. oryzae strains contain no TAL effector genes (Ryba-
White & Leach, 1995; Triplett et al., 2011). Because these strains are otherwise highly 
genetically similar to African and Asian Xoo and Xoc strains (Triplett et al., 2011), they 
offer the opportunity to study the virulence (or avirulence) properties of TAL effectors 
individually. We used one of these, strain X11-5A, to ask whether the major virulence 
roles of Xoo TAL effectors that target OsSWEET11 and OsSWEET14 are conserved 
across a diverse collection of rice varieties, and whether any of these TAL effectors 
triggers defenses in one or more of these varieties that could reveal novel resistance loci. 
We also asked whether the virulence function of SWEET-targeting Xoo TAL effectors is 
specific to the xylem, or if they might enhance virulence of Xoc in the leaf mesophyll as 
well. Finally, we tested whether selected Xoc TAL effectors affect the behavior of X11-
5A. 
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Materials and Methods 
Strains, plasmids and rice varieties 
The bacterial strains and plasmids used for this study are described Table 1. 
Escherichia coli cells were grown in Luria–Bertani (LB) medium at 37°C. 
Xanthomonas oryzae (Ishiyama 1922) Swings et al., 1990 was grown in peptone-
sucrose agar (PSA) medium at 28°C (Karganilla et al., 1973). Antibiotics were used at 
the following concentrations:  tetracycline, 2 µg l-1; gentamycin, 20 µg l-1; ampicillin, 
50 µg l-1. 
Varieties of rice (Oryza sativa L.) used included a set of 20 diverse rice lines (the 
OryzaSNP set) that represent the genotypic and phenotypic diversity of cultivated rice 
(McNally et al., 2009). We also included Kitaake, an early-flowering japonica rice 
from northern Japan that is widely used in rice transformation studies (Manosalva et 
al., 2009). In addition, rice isogenic lines IRBB7 (with Xa7) and IR24 (the recurrent 
parent background) were used to assess delivery of AvrXa7 by X11-5A. Finally, UXO-
3, a transgenic Kitaake line containing the Xa27 resistance gene driven by a custom 
promoter that is responsive to several TAL effectors from Xoo and Xoc, including 
PthXo1 and Tal2g (Hummel et al., 2012), was used to test translocation of those TAL 
effectors. 
 
Cloning of TAL effector genes 
Except for talC, the repeat region of each TAL effector gene was first cloned as a 
BamHI or SphI fragment into pCS466, a derivative of the Gateway entry vector pCR8-
GW (Invitrogen) that contains a truncated form of the Xoc BLS256 tal1c gene, from 
which the SphI fragment that comprises the repeat region had been removed. SphI 
fragments were cloned into the single SphI site in the truncated tal1c gene. BamHI 
fragments replaced the BamHI fragment of the truncated gene. The reconstituted genes 
were then transferred to the broad host-range destination vector pKEB31 (Cermak et 
al., 2011; Addgene plasmid 31224; www.addgene.org) using Gateway LR Clonase 
(Invitrogen) according to the manufacturer’s instructions, for expression in 
Xanthomonas (Table 1). In pKEB31, expression is driven by the lac promoter, which 
is constitutive in Xanthomonas. 
 Clones of avrXa7 and pthXo1
(Kansas State University) and B. Yang (Iowa State University). Repeat region clones 
of tal1c, tal2a, tal2g, and tal8
library generated by digesting the genomic DNA of 
 
 
purifying all fragments ranging from 2.5 to 5 kb, ligating them to pBlueScript SK(
(Agilent Technologies) linear
sequencing. For talC, a complete gene clone in broad host range vector pSKXI was 
obtained from B. Szurek (pers. comm.).
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 repeat regions were obtained from F. White  
 were selected from a TAL effector gene repeat region 
Xoc BLS256 with BamHI, gel
ized with BamHI, and then screening by PCR and 
 
- 
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Transformation of X. oryzae X11-5A 
Plasmids were introduced into X. oryzae strain X11-5A by electroporation 
(Choi & Leach, 1994). For each transformation event, at least six single colonies 
were selected, purified twice on selective media, and confirmed by PCR. 
Templates for PCR amplification were derived by re-suspending cells from 
single colonies in sterile water and boiling for 6 min at 95°C. Each PCR reaction 
was prepared with 20.6 µl of water, 0.4 µl of each primer at 10 µmol l-1, 0.5 
mmol l-1 of dNTPs, 2.5 µl buffer 910 (Thermopol Buffer; New England BioLabs, 
Ipswich, MA, USA), and 3.5 µl of denatured cells. PCR amplification was 
performed in a GeneAmp® PCR System 2700 (Applied Biosystems, Carlsbad, 
CA, USA) using the following program: an initial denaturation step of 1 min at 
95°C followed by 32 cycles of 30s at 95°C, 45s at 62. 5°C, and 1 min at 72°C, 
and ending with a final elongation step of 5 min at 72°C. The primers used for 
amplification were P270 (5′-GCCAAGTCCTGCCCGCG-3′) and P271 (5′-
CCTCCAGGGCGCGTGC-3′), which correspond to the N-terminus of talC. The 
695-bp PCR products and an exACTGene 100-bp DNA ladder (ThermoFisher 
Scientific, Waltham, MA, USA) were separated in a 1% agarose gel and 
visualized by staining with ethidium bromide. Images were captured using the 
Gene Genius digital image capture system and the GENESNAP Software 
(SynGene, Cambridge, UK) version 7.12. 
To confirm plasmid presence and stability, plasmid DNA was extracted from 
transformed X11-5A strains after several rounds of culture and after re-isolation from 
inoculated plant tissue using the PureYieldTMPlasmid Miniprep System (Promega, 
Madison, WI, USA). Then 200 ng of plasmid DNA was transformed into E. coli DH5α 
competent cells using a heat-shock protocol. Plasmids were extracted and digested with 
SphI, and the products were visualized as described in the previous paragraph. 
 
Plant inoculations 
Xanthomonas oryzae strains were grown on PSA medium supplemented with 
antibiotics for 24 h at 30°C, then re-suspended in sterile water at an optical density 
(OD600) of 0.2 (c. 108 cfu ml-1). Inoculations were conducted in growth chambers 
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maintained at 28°C : 24°C, 12 h: 12 h, day : night with 85% relative humidity. For leaf 
clip assays, the two youngest, fully expanded leaves on each tiller of 4-wk-old rice 
plants were inoculated as described previously (Kauffman et al., 1973). Lesion length 
(centimeters) was measured 15 d post inoculation (dpi). Each strain was assessed on a 
set of 21 rice lines, including the OryzaSNP lines (McNally et al., 2009) and Kitaake. 
For each bacterial treatment, 10 plants per accession were evaluated, with at least two 
fully expanded leaves inoculated per plant. For syringe infiltration assays, strains were 
introduced with a needleless syringe into the intercellular spaces of rice leaves from 2-
wk-old plants at concentrations of 108 cfu ml-1 as described previously (Reimers & 
Leach, 1991), HR was scored at 72 h after inoculation (hai), and lesions were measured 
at 10 d. Experiments were repeated three independent times. 
Multiplication of Xoo X11-5A and X11-5A(pthXo1) was measured in planta at three 
time-points (0, 8 and 15 d after inoculation (dai)). Rice varieties Azucena and 
Nipponbare were inoculated by leaf clipping of 4-wk-old plants. The top 20 cm of each 
leaf was cut into four 5-cm sections, designated A, B, C, and D, starting from the point 
of inoculation ‘A’. The leaf pieces were ground in 1 ml of sterile water, and bacterial 
numbers were assessed in serial dilutions that were spread onto PSA agar plates 
supplemented with antibiotics. The plates were incubated at 28°C until single colonies 
could be counted. The experiment was repeated three times. 
To visually differentiate lesions from resistance responses, the terminal 5 cm of 
each inoculated leaf was cleared by suspending overnight in a solution of 95% ethanol 
and 5% glycerol. A resistance response was visualized as a blackening of the 
inoculation site and rated as (+). Disease lesions that appear as light brown after 
clearing were rated as (-) while lesions with a light blackening and light browning 
were rated as (+/-) (Supporting Information Fig. S1). 
 
Sequence, RT-PCR, and qPCR analysis of target promoters 
Published primers (Römer et al., 2010) were used to amplify the sequences 
upstream of OsSWEET11 and OsSWEET14 from genomic DNA extracted from rice 
varieties Dular, Minghui, Nipponbare, Moroberekan, and FR13A (McNally et al., 
2009). Fifty-microliter reactions containing 25 ng of genomic DNA, 1.5 mM MgCl2, 
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0.2 mM dNTPs, 0.5 µM for each primer, 19 PCR buffer (Life Technologies, Grand 
Island, NY, USA) and 2 units Taq DNA polymerase were cycled in the following 
conditions: 1 min at 94°C followed by 28 cycles of 30 s at 94°C, 30 s at 55°C, and 1 
min at 72°C. PCR products were sequenced at the Colorado State University 
proteomics and metabolomics facility and deposited in GenBank (accession numbers 
JQ968614–JQ968623). 
For reverse transcriptase (RT)-PCR and quantitative real-time RT-PCR (qPCR), 
RNA was extracted from 10 cm of infiltrated leaf tissue collected at 48 hai using the 
SpectrumTM Plant Total RNA Kit according to the manufacturer’s recommendations 
(Sigma-Aldrich, St. Louis, MO, USA). The RNA was quantified by spectrophotometer 
(NanoDrop, ND-2000; ThermoFisher Scien- tific,Waltham, MA, USA). 
Two micrograms of total RNA was treated with DNaseI (Invitro- gen) and reverse-
transcribed using SuperScript III (Invitrogen). For the semiquantitative RT-PCR 
analysis, 1 µl (5%) of the RT-PCR reaction was used as a template with Phire Hot 
Start II DNA polymerase (Thermo Scientific) together with gene-specifics oligos 
(OsSWEET11F, CAAGCCCCACCAGGTCAAGGT; OsSWEET11R, TTGTGCAC 
GCCGAGGATCG; OsSWEET14F, GCCTTCGCCTTTGGTCTC CT; OsSWEET14R, 
ATCTGGATGACGCCGAAGGA; Actin AS1, CAAAATTCACGTCCGTACATCG; 
ActinS1, AAACTTTGTTACGTCGCGGC) as follows: 30 s at 98°C; 23 cycles of 10 s 
at 98°C, 5 s at 60°C, and 10 s at 72°C. 
qPCR was performed using an iCycler Thermo Cycler (Bio-Rad) with 50 ng of total 
RNA as a template for cDNA synthesis and PCR amplification using the iScript One-
Step RT-PCR kit with SYBR Green (Bio-Rad) according to the manufacturer’s 
protocol. Gene-specific primers for OsSWEET11 (P941, ATGGCTAACCCGGC 
GGTCACCCT; P942, GCGTTGATGGTCAGCAGCGGCCT), OsSWEET14 (P943, 
GGCGACCGCCGCATCGTGGTT; P944, GCCCAGCACGTTGGGAAGAGCG), 
and rice Actin-6 for nor- malization (EU215044; P787, 
CCGGTGGATCTTCATGCTTA CCTGG; P788, 
CGACGAGTCTTCTGGCGAAACTGC) were used for amplification. A minimum of 
three independent biological replicates, each with three qPCR technical replicates, was 
tested for each treatment. The 2-∆∆Ct method (Livak & Schmittgen, 2001) was used to 
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quantify expression of OsSWEET11 or OsSWEET14 transcript for each treatment 
relative to abundance in mock- inoculated tissue. 
 
RESULTS 
X11-5A expresses and delivers heterologous TAL effector AvrXa7 
The sequenced US X. oryzae strain X11-5A, which does not contain TAL effectors, 
was selected for heterologous TAL effector expression. To confirm the ability of this 
strain to express and deliver TAL effectors, we transformed it with a broad host range, 
avrXa7 expression construct, pKEB31-avrXa7. The resulting strain, X11-5A(avrXa7), 
was inoculated into rice variety IRBB7, which contains the cognate resistance gene 
Xa7, and into IR24, which does not. X11-5A(avrXa7) triggered an Xa7-dependent HR 
(Fig. 1). Thus, X11-5A functionally expresses and delivers TAL effectors from a 
plasmid vector. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Heterologous transcription activator-like (TAL) effector avrXa7 expression and delivery by TAL 
effector-deficient Xanthomonas oryzae strain X11-5A. Reactions in leaves of Oryza sativa varieties 
IRBB7 (left) carrying the Xa7 resistance gene and IR24 (right) 72 h after infiltration with X11-5A or 
X11-5A(avrXa7) were photographed on a light box. Xa7 mediates a hypersensitive reaction (HR), visible 
as browning, in response to AvrXa7 delivered into the plant cell. 
 
 
OsSWEET-targeting TAL effectors increase X. oryzae X11-5A virulence to varying 
extents in different rice varieties 
TAL effectors from Asian and African Xoo strains known to target members of the 
OsSWEET family (AvrXa7, PthXo1, and TalC) were selected for expression in X. 
oryzae X11-5A. Xanthomonas oryzae X11-5A elicits weak or delayed symptoms on 
susceptible rice, and we hypothesized that the absence of TAL effectors in the strain 
may partially account for the low virulence relative to Xoo and Xoc (Triplett et al., 
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2011). To determine whether the addition of TAL effectors could increase the 
virulence of X11- 5A in diverse host backgrounds, the OryzaSNP set of 20 rice 
varieties (McNally et al., 2009) plus Kitaake were clip-inoculated with X11-5A and 
X11-5A containing avrXa7, pthXo1 and talC. X11-5A alone caused blight symptoms 
(lesion of ≥ 1 cm) on nine of the 21 varieties, six of which are in the O. sativa japonica 
group (Fig. 2, Table S1). Eight varieties showed increased susceptibility in response to 
all three TAL effectors, and five of these varieties are phylogenetically clustered in the 
japonica group (Fig. 3). Another seven varieties did not show a TAL effector-
dependent increase in susceptibility (Fig. 3 and Table S1). Varieties Cypress, Aswina, 
and Pokkali were more susceptible in the presence of PthXo1 but not other TAL 
effectors. Dular susceptibility was affected by PthXo1 and AvrXa7, while Kitaake 
susceptibility was affected by PthXo1 and TalC. In all, 14 of 21 varieties showed 
increased susceptibility in response to at least one TAL effector, including five of the 
varieties that did not develop lesions (> 1 cm) in response to X11- 5A alone. 
We hypothesized that TAL effectors might be ineffective in some varieties if a 
strong resistance response were triggered by X. oryzae X11-5A. To discern resistance 
from short lesions, inoculated leaf tips were cleared with ethanol at 15 dpi and rated as 
dark brown (DB), suggestive of an HR, or beige, indicative of a susceptible response 
(Fig. S1). We also tested X11-5A(avrXa7) by using leaf infiltration assays, and 
observed an HR at 48 h post inoculation in those lines also exhibiting the DB response 
(Fig. S1). When TAL effectors did not contribute to virulence, the dark brown tips 
were observed in many cases; of the eight varieties in which TAL effectors made no 
virulence difference, five had a clearly blackened leaf tip in response to X11-5A 
(Table S1). On the other hand, seven of the eight varieties in which all TAL effectors 
increased virulence did not exhibit this resistance response. However, TAL effectors 
were ineffective in several varieties despite the lack of any obvious resistance 
response. In the varieties Minghui and Dular, the DB resistance response was observed 
in the absence, but not in the presence, of one or more TAL effectors (Table S1). 
AvrXa7 reduced lesion length and induced the DB response in the varieties Cypress 
and Saducho, suggesting that these lines harbor resistance mediated by Xa7 activity. 
AvrXa7 also caused a reduction in lesion size in Pokkali plants without inducing leaf 
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browning (Table S1). TalC also reduced lesion length slightly in Pokkali. Among 
those varieties responding to TAL effectors, the relative degree to which each TAL 
effector affected virulence varied (Table S1). Even though the TAL effectors each 
target one of two host genes in the same OsSWEET family, there was variation among
 
Fig. 2 Lengths of lesions caused by Xanthomonas oryzae X11-5A and derivatives carrying TAL effector 
genes avrXa7, pthXo1, or talC on 21 diverse varieties of Oryza sativa, grouped by type (japonica, indica 
or aus). Lesions were measured 15 days after clip inoculation. The (+) below the horizontal axis indicates 
a dark brown (DB) phenotype after leaf clearing and the (-) indicates no dark brown color (see 
Supporting Information Fig. S1 for details). An asterisk denotes a significant difference between the wild 
type and the TAL effector-expressing derivative (*, P < 0.05). Values represent averages of at least 10 
different inoculated leaves. The experiment was repeated three times with similar results. 
 
the effects of different TAL effectors on the same varieties. For example, on some 
varieties, PthXo1 caused the largest increase in lesion size among the TAL effectors, 
while on others, TalC consistently caused a greater increase (Table S1). These 
experiments demonstrate that, while OsSWEET-targeting TAL effectors increase the 
virulence of X11-5A on many rice varieties, the degree of increase caused by each TAL 
effector varies among varieties. 
 
 
 
 Increased X11-5A virulence conferred by 
increased multiplication and movement
X11-5A(pthXo1) caused a substantial increase in lesion length on some varieties, such 
as Azucena, compared with the wild
other varieties, such as Nipponbare (Fig. 2). To determine the effect of 
bacterial population growth and movement, colony counts were determined
 
 
Fig. 3 Phylogenetic relationships of the 20 OryzaSNP varieties of 
McNally et al., 2009) and the changes in their responses to 
by genes encoding the TAL effectors 
the nature of the changes in their response to the TAL effector. A solid line indicates enhanced 
susceptibility in response to each TAL effector; a dotted line indicates enhanced susceptibility in 
response to one or two of the TAL 
(*) indicate decreased lesion length in response to one or more TAL effectors. See Supporting 
Information Tables S1 and S2 for additional details.
 
 
cm sections of clipped leaves (sections A, B, C, and D) at 0, 8, and 14 dpi. On Azucena, 
there was no difference in population growth between X11
the clipped section of leaf (Azucena leaf section A; Fig. 4). However, X11
numbers were significantly greater than those of the wild type in leaf section B on days 
8 and 14, and only X11-5A(pthXo1
Nipponbare, there was no significant
X11-5A and X11-5A (pthXo1
this section (Fig. 4). Together, these results show that X11
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-type X11-5A, but no increase in lesion length on 
PthXo1 on 
 from four 5
 
Oryza sativa (adapted from 
Xanthomonas oryzae X11-
avrXa7, pthXo1, or talC. Varieties are circled according to 
effectors; no line indicates no enhanced susceptibility. Asterisks 
 
-5A and X11-5A(pthXo1
-5A(
) spread to leaf sections C and D (Fig. 4). In 
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) in leaf section A, and neither strain was detected beyond 
-5A bacterial spread and 
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5A caused 
) in 
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 virulence are increased by pthXo1
 
TAL effector binding sites in targe
conserved and the target genes are activated
The three TAL effectors that affect virulence activate transcription of two members of a 
family of sucrose transporters in rice. PthXo1 binds to the p
 
 
Fig. 4 Population size and distribution of 
leaves of Oryza sativa varieties Azucena (left) and Nipponbare (right) following clip inoculation. 
Four-week-old plants were inoculated and bacterial populations in 5
measured at 0, 8, and 14 d after ino
two strains (*, P < 0.05). Error bars represent SD. Values represent averages of at least three 
inoculations. The experiment was repeated three times with similar results.
 
and AvrXa7 and TalC target the 
promoters are activated in leaves of Azucena infiltrated with
expressing the appropriate TAL effector (Fig. S2). TAL effectors similarly activated 
transcription in Nipponbare leaves, although there was no TAL effector
increase in lesion development or bacterial multiplication in this variety.
We next tested whether the differential effectiveness of TAL effectors in some other 
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 in Azucena, but not in Nipponbare rice.  
ted OsSWEET promoter sequences are 
 in diverse rice varieties 
romoter of OsSWEET11
Xanthomonas oryzae X11-5A and X11-5A (pthXo1) in 
-cm leaf segments were 
culation. Asterisks indicate significant differences between the 
 
OsSWEET14 promoter. RT-PCR confirmed that both 
 X. oryzae X11-5A 
-mediated 
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varieties could arise from variations in the promoter TAL effector binding site or from 
differences in transcriptional activation levels. We sequenced roughly 500 bp upstream 
of the OsSWEET14 and OsSWEET11 coding sequences in five varieties with different 
patterns of TAL effector-mediated symptoms, including the indica variety Minghui, 
japonica varieties Nipponbare and Moroberekan, and aus varieties Dular and FR13A. 
Except for a single mutation in the Moroberekan AvrXa7 binding site, among these 
varieties, there were no other differences in the known binding sites for AvrXa7, 
PthXo1 or TalC (accession numbers JQ968614–JQ968623). The single difference in the 
Moroberekan AvrXa7 binding site is a G to A substitution at a position corresponding 
to an ‘NN’ RVD in AvrXa7; this RVD has dual specificity for G and A (Boch et al., 
2009), so this substitution can be expected to be inconsequential. Thus, barring 
differences in epigenetic marks, there should be no difference in promoter binding 
efficiency among the varieties. Quantitative RT-PCR was performed to determine 
relative levels of TAL effector-dependent gene activation among four of these varieties 
(Minghui, Moroberekan, Dular and FR13A). Each TAL effector up-regulated its 
corresponding SWEET gene target strongly (> 50 fold vs mock inoculation) in each 
variety (Fig. 5). However, there was no observed relationship between lesion length 
increase and relative fold-change in target expression. For example, OsSWEET14 is up-
regulated to a similar degree by AvrXa7 and TalC in Dular even though these effectors 
cause different increases in lesion length, and the effectors cause similar increases in 
lesion length in Minghui and Moroberekan despite differences in OsSWEET14 
activation levels in that variety. Thus, the differences in TAL effector-mediated 
virulence levels are probably not attributable to differences in target activation levels. 
 
OsSWEET-targeting Xoo TAL effectors enhance Xoc virulence 
Although the US X. oryzae strains cause weak bacterial blight symptoms on rice, 
we previously found that US strains are phylogenetically distant from both Xoo 
and Xoc strains (Triplett et al., 2011). Therefore, it is not clear whether US strains 
are more like Xoo, and normally invade the vascular system, or more like Xoc, 
and colonize the spaces between leaf mesophyll cells. This raised the question of 
whether the contribution of the Xoo TAL effectors to X11-5A virulence might be 
 tissue specific, selectively facilitating invasion of the xylem. To test this 
possibility, we assayed the effect of 
BLS256, by leaf syringe infiltration typically used for quantitative measures of 
bacterial leaf streak susceptibility, and separately by leaf clip inoculation, used 
for bacterial blight. Both avrXa7
of lesions caused by Xoc BLS256 following syringe inoculation; however, they 
did not render BLS256 capable of causing bacterial blight symptoms following 
clip inoculation (Fig. 6). 
 
Fig. 5 Transcriptional activation of (a) 
varieties in response to Xanthomonas
(TAL) effector gene (none), or the TAL effector genes 
fold-change in mRNA abundance in leaves of each variety at 
mock-inoculated plants, measured by qPCR. Each bar is the average of three technical replicates 
of at least three biological replicates. Error bars denote SD. Asterisks indicate values significantly 
> 1.0 as determined by two-tailed, heteroscedastic t
the 2-∆∆Ct method. 
 
Selected Xoc TAL effectors do not affect virulence of X11
rice varieties 
We next asked whether X11
effectors from Xoc. Preliminary mutagenic studies implicated 
Tal2a, Tal2g, and Tal1c from strain BLS256 as potential virulence factors (R. A. 
Cernadas, L. Wang, and A. J. Bogdanove, unpublished). We transformed X11
with gene expression constructs corresponding to these effectors and syringe
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avrXa7 and pthXo1 on the virulence of Xoc
 and pthXo1 significantly enhanced the lengths 
 
OsSWEET11 and (b) OsSWEET14 in four Oryza sativa
 oryzae X11-5A containing no transcription activator-like 
avrXa7, pthXo1, or talC. Bars represent 
48 h after inoculation relative to 
-tests. Relative fold-change was calculated by 
-5A in four 
-5A behavior could be modified by selected TAL 
Xoc effectors 
-
 
 
-5A 
 infiltrated the resulting strains into leaves of rice varieties Nipponbare, Lemont, 
Kitaake and Azucena. Over 11 d, watersoaking localized to the inoculated spot 
was the only symptom that developed, and no differences were observed between 
the wild-type X11-5A strain and the transformants carrying the 
genes, despite the fact that Xoc
four varieties (Kitaake and Nipponbare results are shown in Fig. 7). Furthermore, 
no effects on X11-5A virulence were observ
Xoo strain PXO145 induced lesions of > 10 cm (Kitaake and Nipponbare results 
 
Fig. 6 Effects of Xanthomonas oryzae
oryzae pv. oryzicola (Xoc) virulence and pathogenicity. (a) Lengths of lesions caused by syringe 
infiltration of Xoc BLS256 carrying no 
variety Nipponbare. Lesions were measured 10 d after inoculation. E
means of at least eight inoculations. The experiment was repeated twice with similar results. Different 
lowercase letters indicate that the means are significantly different (P < 0.01) by two
heteroscedastic t-test. (b) Failure of Xoo
Leaves were photographed 14 d following leaf clip inoculation with 
Xoo TAL effector gene, pthXo1, or avrXa7
repeated three times with similar results.
 
are shown in Fig.7). The Xoc 
effector constructs except for the repeats, and would therefore be expected to be 
delivered by X11-5A. Nonetheless, to examine the possibility that the lack of effect of 
the Xoc TAL effectors on X11
advantage of transgenic Kitaake rice line 
several Xoo and Xoc TAL effectors, including PthXo1 and Tal2g (Hummel 
2012), to test whether X11-5A is indeed able to deliver the 
expressing tal2g, pthXo1, a central repeat domain deletion control (
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Xoc TAL effector 
 strain BLS256 developed lesions > 2 cm on all 
ed after clip inoculation, although 
 pv. oryzae (Xoo) transcription activator-like (TAL) effectors on 
Xoo TAL effector gene (none), avrXa7, or pthXo1 on Oryza sativa
rror bars denote SD. Values represent 
-tailed, 
 TAL effectors to render Xoc capable of inducing bacterial blight. 
Xoo PXO99A, Xoc BLS256 with no 
, and a buffer-only control (mock). The experiment was 
  
TAL effector constructs are identical to the Xoo
-5A virulence was a result of lack of delivery, we to
UXO-3, which mounts an HR in response to 
et al
Xoc effector Tal2g. X11
tal1c∆CRR
 
 
X. 
 
 TAL 
ok 
., 
-5A 
), or no 
tal gene, as well as Xoc BLS256, was 
infiltration (Fig. 7). Only X11
the resistance gene-mediated HR. Thus, X11
effector Tal2g effectively. 
Fig. 7 Xanthomonas oryzae pv. oryzicola (
Tal2a, Tal2g, and Tal8) delivered by 
development after inoculation by (a) infiltration of 
clipping of variety Azucena. (a) Mean length of spread beyond the circular infiltration site was 
measured at 11 d after inoculation; lesion development from X11
with that from wild-type Xoc BLS256. (b) Mean lesion length was measured at 15 d after clip 
inoculation with X11-5A-derived strains expressing 
PthXo1, or with wild type Xoo strain PXO145. Error bars represent SD. (c) Both 
(Xoo) and Xoc TAL effectors delivered
rice transgenic line UXO-3, confirming translocation o
containing the Xa27 resistance gene with the effector binding sites (EBE) for PthXo1 and Tal2g 
engineered into its promoter. UXO
and Tal2g and Xoc BLS256 exhibited a hypersensitive reaction (HR
inoculation). For all experiments, three biological replications 
were performed with consistent results. Asterisks indicate sign
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inoculated into UXO-3 plants by syringe 
-5A(tal2g), X11-5A(pthXo1), and Xoc BLS256 triggered 
-5A expresses and delivers the Xoc
 
 
Xoc) transcription activator-like (TAL) effectors (Tal1c, 
X. oryzae pv. oryzae (Xoo) strain X11-5A do not affect lesion 
Oryza sativa variety Nipponbare and (b) leaf
-5A-derived strains was compared 
Xoc TAL effectors or the Xoo TAL effecto
X. oryzae
 by X11-5A activate resistance gene Xa27 after infiltration of 
f the effectors. UXO-3 is a transgenic line 
-3 leaves infiltrated with X11-5A delivering TAL effectors PthXo1 
; photographed at 72 h after 
with > 10 observations per replication 
ificant difference at P < 0.01.
 
- 
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 pv. oryzae 
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Discussion 
 
Xanthomonas TAL effectors induce plant genes that promote disease, or, in some 
genotypes, genes that provide disease resistance. Understanding their roles in diverse 
plant genetic backgrounds will help to define key plant disease susceptibility factors, 
and may identify novel sources of resistance. In this study, we used a strain from the US 
clade of X. oryzae as a TAL effector-free platform for characterizing the effects of 
individual TAL effectors on diverse rice varieties. We found that three Xoo TAL 
effectors targeting the OsSWEET family of sucrose transporters conferred increased 
virulence to the weakly pathogenic US X. oryzae strain X11-5A on a majority of rice 
varieties tested. Importantly, the plant genetic background affected the level of 
virulence enhancement by these TAL effectors, despite sequence conservation of the 
targets. Variation did not correlate with quantitative differences in the fold-change of 
OsSWEET expression. 
The increase in plant susceptibility to X11-5A that was conferred by the Xoo TAL 
effectors supports our previous hypothesis that the absence of TAL effectors is a major 
factor limiting the virulence of US X. oryzae strains (Triplett et al., 2011), and confirms 
that the OsSWEET family is a critical set of bacterial disease susceptibility genes in rice. 
Evidence suggests that SWEET family members are functionally equivalent; SWEET14-
activating TAL effectors can rescue the SWEET11 activation deficiency of a pthXo1 
mutant of Xoo strain PXO99A, and PthXo1 can rescue the SWEET14 activation 
deficiency of a talC mutant of Xoo strain BAI3 (Antony et al., 2010; Yu et al., 2011). 
Our data (Fig. 4) show that PthXo1 contributes in the same way to virulence as TalC 
(Yu et al., 2011), allowing invasive colonization of the xylem, further corroborating the 
functional equivalence of their respective targets. 
The TAL effector binding sites in the OsSWEET promoters were identical among 
diverse rice varieties. Despite polymorphisms in other parts of the promoters (and 
possibly epigenetic differences), the fact that each gene was strongly activated by its 
corresponding TAL effector(s) in all varieties tested suggests that X. oryzae TAL 
effectors have evolved to target highly conserved, functional promoter elements. The 
quantitative differences in virulence contribution that we observed across varieties 
might be explained by differences in genes that modulate SWEET activity, in yet 
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unidentified additional targets of the TAL effectors that affect the plant–bacterial 
interaction, or, except in the case of AvrXa7 and TalC, which target the same gene, in 
the coding sequences of the OsSWEET genes. 
Some patterns of differential virulence contribution were associated with rice varietal 
group or phylogeny, suggestive of a genetic basis (Fig. 3, Table S1). For example, while 
most japonica varieties showed increased susceptibility to all three TAL effectors, 
Minghui is the only indica variety in which susceptibility was enhanced by all three. 
Single nucleotide polymorphism (SNP) analysis previously showed that Minghui has 
several large japonica introgressions not found in other indica varieties (McNally et al., 
2009). These results show that characterization of plant responses to TAL effectors 
might be useful to identify susceptibility loci in breeding programs. One of the future 
goals of our group is to use advanced mapping lines to identify rice genetic regions 
associated with differential susceptibility to TAL effectors. 
In addition to variation in susceptibility, this study identified several cultivars in 
which some TAL effectors either reduce virulence, trigger a resistance response, or 
have no effect; all of these are phenotypes that could be associated with resistance loci. 
The introgression of disease resistance (R) genes is currently the most economically 
feasible way to control bacterial diseases of plants and strain X11-5A can serve as a 
useful platform for screening for novel sources of major gene resistance to individual 
TAL effectors. As advances in high-throughput sequencing come to enable charac- 
terization of TAL effector gene inventories across a pathogen population, regionally 
conserved TAL effectors that would make the most logical candidates for such 
resistance screens might emerge (Bart et al., 2012). Although we did not identify any 
cases here, this approach might also identify sources of resistance such as xa13, in 
which the susceptibility gene promoter sequence for an important TAL effector is 
disrupted. While screening large germplasm collections for sources of resistance or 
susceptibility to individual virulence factors is an important step in selecting plant 
resistance genes for deployment, screening for the identification of individual resistance 
genes to Xoo strains has usually been conducted on near- isogenic rice lines in IR24 
(indica) and Toyonoshiki (temperate japonica) cultivar backgrounds. X11-5A will be 
useful for characterizing interactions of multiple TAL effectors with diverse rice 
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varieties to rapidly identify accessions for resistance gene discovery and deployment. 
In addition to enhancing susceptibility to xylem invasion and bacterial blight 
development caused by X11-5A, each of two tested OsSWEET-targeting Xoo 
TAL effectors, avrXa7 (targeting OsSWEET14) and pthXo1 (targeting 
OsSWEET11), enhanced virulence of the mesophyll pathogen Xoc, resulting in 
increased length of bacterial leaf streak lesions. However, the effectors did not 
enable Xoc to cause bacterial blight. These observations indicate that the capacity 
of SWEET proteins to contribute to susceptibility is not tissue-specific and, at the 
same time, is not sufficient to allow the mesophyll pathogen Xoc to colonize the 
xylem. A role for SWEET proteins in phloem loading, as sugar transporters to 
export photosynthate from phloem parenchyma cells for uptake by companion 
cells, was recently demonstrated in Arabidopsis (Chen et al., 2012). Their 
activation in xylem parenchyma cells by Xoo TAL effectors was proposed to 
contribute to bacterial blight susceptibility by pumping sugar into the xylem for 
use by the bacterium (Chen et al., 2010). A similar mechanism could account for 
the contribution of those TAL effectors to bacterial leaf streak susceptibility, 
flooding the mesophyll apoplast with a ready carbon source for the pathogen. 
Curiously, though, no native OsSWEET-targeting TAL effectors have been 
identified in Xoc. 
Our study also addressed whether selected Xoc TAL effectors could have a virulence 
role in X11-5A. These TAL effectors made no difference in susceptibility to X11-5A in 
either clip or syringe inoculations, on four tested rice varieties. Although the Xoc TAL 
effectors were not previously confirmed virulence factors like AvrXa7, PthXo1, and 
TalC, the effectiveness of Xoo but not Xoc TAL effectors in X11-5A suggests that this 
strain may be predisposed to act as a Xoo-like vascular pathogen. Because X11- 5A 
branched off from the ancestor of both Xoo and Xoc (Triplett et al., 2011), we 
hypothesize that Xoo-like vascular pathogenicity is the ancestral state of the X. oryzae 
group, and that the Xoc group lost some factor that enables xylem invasion or gained 
one that precluded it to evolve towards efficient colonization of the leaf mesophyll. 
Furthermore, the absence of any TAL effector fragments or pseudogenes in the X11-5A 
genome suggests that TAL effectors were not present in the genome of the common 
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ancestor. A single gene transfer event incorporating a TAL effector into the X. oryzae 
ancestral genome could have conferred a major selective advantage, increased by gene 
duplication and diversification. Whether the TAL effectors that emerged in Xoo and 
Xoc, and their respective plant targets, drove the divergence in plant tissue specificity 
between Xoo and Xoc, or were shaped by it, remains an open question. 
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